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ABSTRACT
This document contains the background information, defined scope of work, preliminary design
philosophy, conceptual design development, and final design choices along with its
corresponding manufacturing and design verification plans. It also includes the preliminary
testing and prototyping necessary in bringing our verification prototype to its final configuration
for delivery. Finally, it includes the entire manufacturing process followed in creating the final
project and the extensive testing performed to ensure it meets the defined engineering
specifications. The aerodynamic phenomenon being analyzed and demonstrated in our final
deliverable can be seen in a scenario where when a propeller is enclosed in a duct, the duct inlet
itself will experience a thrust force whenever the flow speed within the inlet differs from that
further upstream—this force is commonly known as “lip thrust.” The goal of this project is to
create a new and improved apparatus that qualitatively and quantitatively demonstrates this
effect in a classroom setting and in the Cal Poly Fluids Lab wind tunnel. To begin, the previously
semi-functional apparatus was analyzed and used in combination with information from Dr.
Westphal to define the engineering specifications - which are summarized to explicitly define the
project scope of work. The process taken to develop a conceptual design is outlined through an
extensive process of ideating based on functional requirements, refining those ideas, and
evaluating them objectively to define a specific design direction for our first proof of concept
prototype. Extensive details for the final design along with its manufacturing process, assembly,
and design validation testing to verify its ability to meet specifications is included.
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1 INTRODUCTION
An aerodynamic effect known as lip thrust occurs when the velocity of air in the inlet of a ducted
fan differs from the velocity of the air surrounding the nacelle and therefore creates a thrust force
which adds to the overall thrust of the ducted fan. This effect is particularly important to the field
of aerodynamics and airframe design. The effect can be analytically demonstrated using
conservation of momentum principles as applied to fluid mechanics through the application of
Newton’s 2nd Law (momentum analysis) and actuator disk theory but is not intuitively obvious.
Professor Westphal requested the creation of a portable and more durable apparatus capable of
providing qualitative and quantitative data for a classroom demonstration through the
measurement of both lip thrust and total thrust. The device needed to be operable in a classroom
setting by an instructor or students with accompanying documentation.
This document contains the background information, defined scope of work, preliminary design
philosophy, conceptual design development, and final design choices along with its
corresponding manufacturing and design verification plans. It also includes the preliminary
testing and prototyping necessary in bringing our verification prototype to its final configuration
for delivery. Finally, it includes the entire manufacturing process followed in creating the final
project and the extensive testing performed to ensure it meets the defined engineering
specifications. The aerodynamic phenomenon being analyzed and demonstrated in our final
deliverable can be seen in a scenario where when a propeller is enclosed in a duct, the duct inlet
itself will experience a thrust force whenever the flow speed within the inlet differs from that
further upstream—this force is commonly known as “lip thrust.” The goal of this project is to
create a new and improved apparatus that qualitatively and quantitatively demonstrates this
effect in a classroom setting and in the Cal Poly Fluids Lab wind tunnel. To begin, the previously
semi-functional apparatus was analyzed and used in combination with information from Dr.
Westphal to define the engineering specifications - which are summarized to explicitly define the
project scope of work. The process taken to develop a conceptual design is outlined through an
extensive process of ideating based on functional requirements, refining those ideas, and
evaluating them objectively to define a specific design direction for our first proof of concept
prototype. Extensive details for the final design along with its manufacturing process, assembly,
and design validation testing to verify its ability to meet specifications is included.
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2 BACKGROUND
There are many phenomena in different fields of mechanics in which the analytical result is not
intuitive and therefore demonstrations are generally used to validate the analysis. For example,
anything to do with gyroscopic motion in introductory physics courses is generally accompanied
with a demonstration of the analytically determined effects. The purpose of this apparatus is to
demonstrate the validity of what at first seems to be a gap in fluid mechanics’ abilities to
accurately represent real world conditions as a result of the non-intuitive nature of the effect.
This section of the report includes takeaways from our early meetings with our sponsor and
outlines his needs, an overview of existing products similar in function, existing tools that could
fill the role, any applicable patents or industry codes/standards/regulations, and relevant
technical literature.

2.1 Meetings with Sponsor and Advisor
Meeting Minutes with Dr. Westphal on 4/05/2019
● First meeting to get to know each other
● Reiterated basic project deliverables, expectations, and “nice to haves”.
Quantitative data on measuring lip thrust and total thrust is necessary.
● Gave us an idea to have a spring to measure thrust and have a load cell readout
● Although it is possible to use an outlet, it would be nice to use a small battery for
portability. LiPo batteries are preferable since Dr. Westphal is satisfied with the
lifetime of them and the number of demonstrations he can get off of a single
charge
● Would be nice to be functional in a wind tunnel
● Rotor thrust + lip thrust = total thrust
● Apply Newton's 2nd law so if there is no change in momentum, there will be no
force. We can see this when the apparatus is placed in the wind tunnel and the fan
speed is set to the wind tunnel speed - no thrust will be created
● Apparatus was also tested in ambient air where there is no initial momentum
● No CFD or FEA is expected of us from Dr. Westphal. We are expected to be
intimately familiar with the fluid mechanics of the phenomena which are actually
quite simple. Dr. Westphal also provided us with his theoretical analysis on the
subject for review.
● Lip thrust is not a result of spillage drag. Spillage drag is a separate effect that we
are not evaluating. The fluid mechanics behind lip thrust can be solved using
Newton’s 2nd law to demonstrate that fluid moving through a section of the lip
will generate a reactionary force which happens to point in the same direction as
thrust. Dr. Westphal also pointed out that there is only one scenario in which there
will be no lip thrust. This occurs when the air speed inside the duct is the same as
the free stream velocity because there is no change in momentum.
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● Contacted Bradley Schab (created the existing apparatus in 2012)
○ “Hi Bradley, I am working with Professor Westphal on the lip thrust
apparatus/demonstrator you made for him a couple years back. It is
currently my senior project to build a similar one that also measures total
thrust. I was wondering if you would be open to communication in case I
had any quick questions throughout the process? I can see it as being very
helpful for me and I would greatly appreciate it, if possible.”
○ Response: “Yes that would be fine with me. Glad to see that demonstration
is still alive. I work full time but feel free to text my cell and I will get
back to you as soon as I can ###-###-####”
● Dr. Westphal demonstrated the current apparatus to us. This included showing us
how it is supposed to work, how it interfaces with the supports in the wind tunnel,
and talked to us about how we can integrate total thrust into the system. He also
expressed that he would like the different components of the apparatus to be more
well contained and easy to carry/set up.
● Dr. Westphal did not have a previous handout on the subject to show us but did
provide an example handout for us to reference in writing our own. The handout
should provide a problem statement and space for students to solve for the
expected results of the phenomena theoretically before comparing to
experimentally found results.
● As far as size is concerned, Dr. Westphal wants it to be large enough that the
effect can be easily seen visually from the back of a classroom, but small enough
to be comfortably carried around campus. Additional requests include better
retention of wired components such as the controller and battery while still being
able to be conveniently removed so that additional wiring can be used when in the
wind tunnel and power/control components are not in the stream.
● Needs to be durable enough to survive the classroom setting and subsequent
transport.
Meeting Minutes with Dr. Westphal on 4/19/2019
● Met at Cal Poly fluids 2 lab wind tunnel to discuss wind tunnel application and
setup
● Seeing the setup first hand allowed us to see what additional constraints we
needed to consider (ex. Size, mounting holes)
● Size desired to be no more than 3x the existing apparatus due to relative sizing
when compared to the wind tunnel flow area
● An idea to put some sort of pressure tap in front of the fan to calculate flow rate
● The wind tunnel mounting stand already can help us quantitatively measurement
total thrust
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● Accompanying classroom handout walks the student through what is going on
and how to calculate parameters from the measurements. Does not necessarily
require real data. The apparatus at a bare minimum just has to demonstrate the
phenomena
● Does not expect detailed structural analysis
● No need to carry on fixing the original apparatus to perfection. Already proved its
usefulness by showing its function, although not ideal.
● No one else will be using it or taking care of it except Professor Westphal, but the
accompanying report will allow others to replicate it
● A “nice to have” idea would be to run the experiment with an unducted
configuration and compare it to its ducted configuration
● Dr. Westphal suggested meeting up with QL+ because they have a new high
tolerance 3D printer. We immediately followed up with Craig Icban at QL+ and
discussed the possibility of us being able to print with it.
○ The printer uses rigid resin and prints to a high degree of accuracy
○ They are hesitant in allowing us to use it because it is technically only for
QL+ projects
○ We can contact the FormLabs to get some samples of their 3D printed
parts in different resins and test how they hold up against thermal stress.
○ Craig provided us with a piece of support that we can use to do testing on
as well.
Meeting Minutes with Dr. Westphal on 5/31/2019
● All purchases go through Dr. Westphal with a convenient link to purchase
● Preliminary concept CAD models were discussed and we were told to consider
other options and continue ideating
● Consider using ducted fans and building a moving lip around them
● Early prototypes should be done in PLA filament
● No need for a pitot-static tube, but simple static holes to port pressure taps
● There will be too much friction in a carriage and rail design, so explore more
ideas for thrust measurements as well as friction reduction
Takeaways from Spring 2019 Meetings with Professor Fabijanic
● Check Engineering Village for further technical research that is simple and
understandable (4/11/2019)
● Ask sponsor what extent of analysis is expected and if it makes sense to continue
trying to fix the existing apparatus. Clarified and reworded problem statement
together. (4/18/2019)
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● Provided guidelines for how to specifically carry on useful functional
decomposition and ideation. Discussed 3D printed part samples. (5/2/2019)
● Discussed specific expectations for concept modelling and decision matrices.
(5/9/2019)
● If a final concept design is not selected by PDR, make sure you have a specific
outlined plan for what testing results and information leads to a specific decision
path. (5/23/2019)
● Create a different budget plan when it is contingent upon whether or not QL+ can
print prototypes for us (5/30/2019)
PDR Meeting Minutes with Dr. Westphal on 6/17/2019
● Friction Reduction: A modified version of Brad’s design is totally fine since it
worked and the main problems seemed to have been with manufacturing and
material issues. A simple sliding design would probably be sufficient and there is
no expectation for an incredible amount of accuracy because we are already
losing accuracy to air friction on both the inside and outside of the nacelle as well
as friction between the printed parts.
● Nacelle Design: A design of the outer lip/moving lip that can be simply pulled out
the front would be desirable. Ie. using a pin to hold the lip nacelle on and then it
can just be slid forward out of the assembly when a retaining pin is removed.
Have some way of doing this to make the ducted vs unducted setup. Have a
separate unducted configuration that uses the same mount so it can be switched
out very quickly and easily is also desired. If we are going to consider strain
gauges for the purposes of measuring lip thrust, we should have a cantilever beam
deflection with a separate lip as a flexural stand that would have to be very
delicate.
● Total Thrust Measurement: Bearings are typically for moving assemblies and our
assembly is not really moving - bearings have too much “stiction” (static friction).
Knife edge idea instead of the counterweight and horizontal configuration treated
like a spinning top where the assembly sits on a single point of a cone. The cone
is supported/stays upright as a result of contact with its base radius and a piece of
sheet metal with a very close fit. This keeps the base of the cone in rolling contact
with the hole in the sheet metal and there will be next to no stiction. For a vertical
configuration, a rod with sharp points sitting in two V shaped slots would work as
well. Calculate how much of an increase in thrust forces we expect as a result of
increased inlet diameter → compare this with the increasing weight using our
volume vs inlet diameter equations to optimize and find a “sweet spot”.
● Misc: Get a full printing quote from the Paso Robles based printing company.
Check out HobbyKing RC for more controllers. We also expressed that we are
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interested in going to the Atascadero Hobby store to talk to them about what we
might need. For static ports, an ideal number of ports is 4. Should be able to
accommodate 1/16” ports. Unsure about using 2mm banana extension leads for
controlling the apparatus outside of the wind tunnel since we haven’t sized our
battery or chosen our controller yet.
Meeting Minutes with Dr. Westphal on 9/30/2019
● Start procuring electrical components (fan, esc, battery, etc.) now to test their
interfaces before it is too late
● Our theory shows that lip thrust contributes to 50% of the total thrust, but Dr.
Westphal did not seem to think that was out of the ordinary.

2.2 Existing Products
Considering that our product is based off of a relatively obscure phenomena for which there is
not a large amount of instruction, there is not a widespread prevalence of similar devices to
compare to. Therefore, the first device that we examined was the existing device in Dr.
Westphal’s possession made in 2012 by Bradley Schab. The existing apparatus can be seen in
Figure 1 and is built off of an RC motor and controller and is powered by a LiPo battery. The
controller must be put on the correct settings prior to use. While the instructions are provided, it
would be preferable if the controller functioned with fewer steps to get the demonstration started.
Additionally, it would be nice to have the base retain the battery, wiring and controller to make
transport more convenient and not have to worry about damaging components as much. The idea
of using RC plane components seems like a natural fit for the project considering that we are
attempting to simulate an effect particularly relevant to planes. Additionally, the motor provides
a substantial amount of thrust making itself or another similar motor a good option. However, we
needed to ensure that the chosen motor torque and speed match the specific rotor characteristics.
The base uses a connection that is identical to the connections in the wind tunnel.
However, as far as mechanical design of the previous apparatus is concerned, we believe there is
room for improvement. The outer cowl slides on lands on the inner structure as shown in Figure
2, and there are a few issues with this design. The lands and their respective mating surfaces
were not sanded in any way to improve surface finish and although lithium grease was applied,
there was simply too much friction for it to function. Additionally, the inner structure was too
thin and eventually warped over time, causing more friction due to the resulting addition of a
bending moment between the cowl and some of the lands (Figure 3). The loose tolerances make
the propensity for tilt in the outer cowl very high, which also leads to increases in friction.
However, with modern 3D printing capabilities and extensive testing, we ensure our final
product has the required tolerances to allow the device to function smoothly. This manufacturing
method is discussed further in the latter portions of the document.
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Figure 1. Complete Existing Apparatus Fully Assembled

Figure 2. Lands (foreground) on Inside of Outer Cowl Interfacing with Surface of Inner cowl
(background)
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Figure 3. Front View of Cowl Inner structure Showing Excessive Warp over Time
As far as other apparatuses go, there were many thrust measuring devices and methods for
ducted fans but none of them demonstrated the effect qualitatively. Some of these methods
included actual RC load cell devices that a ducted fan could be stationed on as well as more
simplified setups where a ducted fan is in a fixture that sits on a scale and the amount of thrust is
measured as the difference in weight between the fan being on and off. These basic methods
shown in Figure 4 and Figure 5 would be useful if we were interested primarily in quantitative
results, but because the primary focus of the apparatus is to provide a visual conceptual
demonstration of the effect, these methods are only useful as a potential method of determining
total thrust. However, Dr. Westphal plans on using a support stand from the wind tunnel to
measure total thrust and therefore further research into this requirement is unnecessary.

Figure 4. Example of Simple Ducted Fan Thrust Measuring Device
The device displayed in Figure 4 includes the ducted fan constrained within a platform that
provides sufficient space between the inlet and the lower plate so the flow into the fan is not
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choked. The initial weight of the assembly is measured while the fan is off and then measured
again once the fan has been turned on. The difference in the scale readings provides the total
thrust. [3]
Because all similar apparatuses are for measuring total thrust, they have been archived for the
purposes of inspiration when it comes to determining our method of lip thrust measurement.
They contain information regarding creative and simple solutions as well as some more complex
load cell based solutions which could be useful in determining lip thrust in our own apparatus.
Ideas such as measuring model rocket motor thrust with springs as presented in Figure 5 show
promise for having a portable method of lip thrust measurement in the future. A similar spring
design depicted could be employed for measurement of lip thrust [4]

Figure 5. Demonstration of Thrust Measuring Apparatus for Measuring Model Rocket Thrust

2.3 Patents
After extensive research there do not seem to be any patents directly relating to a form of nacelle
design which generates lip thrust. Additionally, the apparatus will not be for commercial sale and
research for the purpose of avoiding infringement on a patent is unnecessary. With regard to
researching patents for the purpose of better understanding the topic, this time is better spent
examining the documents contained in our technical research that explicitly address it in detail.
For these reasons did not expand upon patent research any further.

2.4 Industry Codes
The American Institute of Aeronautics and Astronautics (AIAA) presents no standards or codes
regarding the design and manufacture of inlet lips of nacelles as would relate to our product. A
full search of their standards was conducted without relevancy.
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2.5 Technical Research
To ensure that the concept of the phenomena was completely understood by both of us, extensive
technical research was conducted. This research includes technical reports that mention the effect
and calculations demonstrating the theory behind the effect as an ideal analysis.
NASA Inlets and Inlet Performance
NASA [5] outlines on their website different measures of inlet performance in which the
concept of spillage drag and pressure recovery are discussed. We initially believed that
this was the phenomena that we were to discuss as we assumed that the phenomena was
the result of a more complex fluid mechanic. However, when this was addressed with Dr.
Westphal he explained that it is a different related effect that is outside the scope of the
project. However, the overall inlet information provided gives a good general overview
of inlets, their function, and how they can affect the flight of an aircraft. The document
discusses the general profile of inlets for various kinds of flow as well as inlet efficiency
which gives preliminary insight to underlying design principles of inlets.
Ducted Fan Diagram
The ducted fan diagram displayed in Figure 6 is unique and useful to us in that it
presents another method of interpreting the increased effectiveness of ducted fans by
portraying the pressure gradient along the lip as a result of fluid acceleration along the
lip. This theoretically makes a lot of sense and is helpful in creating a more intuitive
understanding of the effect. It relates the effect in terms that can be more easily
interpreted and allows a student of fluid mechanics to make connections about why the
effect is occurring in a more physically representative form than the theoretical
explanation presented by Newton’s Second Law momentum analysis.

Figure 6. Diagram Illustrating Lip Thrust Phenomena Contributing to Overall Thrust [6]
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Ideal Analysis by Newton’s Second Law
As part of the materials provided by Dr. Westphal, we were given a reference copy of
hand calculations outlining the theoretical fluid mechanics explanation of why there was
generation of a thrust force [7] [8]. In order to cement our understanding of the concept,
we decided to perform our own hand calculations based off the same experimental set-up
and compare the results with those calculated by Dr. Westphal. Our hand calculations can
be seen in the Appendix as Attachment 12. We found Dr. Westphal’s analysis to be
complete and accurate and found the process useful not only as a refresher of fluid
mechanics but as providing insight on a theoretical level about why this force must exist.
Ducted Fan Aerodynamics and Modeling, with Applications of Steady and Synthetic
Jet Flow Control
Ohanian’s paper [9] goes into a high amount of detail about the intricacies of the effect
and compiles an incredibly large number of additional references and resources regarding
different experiments and studies of fluid mechanics that apply. The paper does an
excellent job providing visual, mathematical and theoretical background on the subject
supported strongly by references to many experimental proofs.
Investigation-of-the-Aerodynamic-Characters-of-Ducted-Fan-System
This is a published work from the International Journal of Aerospace and Mechanical
Engineering [10] and focuses on the lip thrust effect as a part of their discussion. The part
of this investigation that is particularly useful is the use of computational fluid mechanics
(CFM) to evaluate the effect. The CFM provides us with a better idea of what is
happening on a physical scale to cause the effect and also provides theoretical numerical
data that allows the efficiencies of ducted vs non-ducted fans to be compared.
Aerodynamics of Ducted Propellers as Applied to the Platform Principle
This is a declassified document from 1956 [11] that focuses on ducted propellers and
therefore discusses the idea of lip thrust with some brevity. The advantage of this
discussion being that older texts generally present a simpler view of concepts as the
understanding of effects at the time was not as developed. Therefore the simplified
information is a valued perspective particularly when trying to distill the idea into a more
understandable concept for students to grasp. Additionally, the diagrams presented in the
text go into further detail particularly when discussing the potential for losses within the
duct and methods of mitigating them.
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3 OBJECTIVES
3.1 Problem Statement
When a propeller is enclosed in a duct, the duct inlet itself will experience a thrust force
whenever the flow speed within the inlet differs from that further upstream—this force is
commonly known as “lip thrust.” Professor Westphal requests the creation of a portable and
more durable apparatus capable of providing qualitative and quantitative data for a classroom
demonstration through the measurement of both lip thrust and total thrust. The device needs to be
operable in a classroom setting by an instructor or students with accompanying documentation.

3.2 Boundary Diagram
The following diagram is a helpful sketch of the situation our customer is in to help us determine
our specific customer wants and needs. The brainstormed “wants” for the final product that are
within our control are shown in black and the “wants” outside of our control are shown in red.
Green lines indicate which quality best pertains to which customer.

Figure 7. Boundary Diagram

3.3 Customer Wants and Needs
Before defining the needs of the customer it is necessary to define who the customer is. The
customers for the product included Dr. Westphal as the primary consumer and students as
secondary consumers as there will only be one apparatus owned and operated by Dr. Westphal.
Therefore, it is made to his specifications which are focused with the requirement that it will be
used as an instructional device and therefore must meet certain requirements for students as well.
The following is the list of needs we have created through meetings and correspondence with Dr.
Westphal.
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Repair existing lip thrust apparatus (removed on 4/19/19)
While being one of the initial requirements, after inspection of the issues causing failure
in the device we troubleshot a few simple solutions and were able to achieve this goal to
a certain degree. However, because the failure was a result of material warp, we met with
Dr. Westphal to discuss the feasibility of the requirement. He expressed that if the device
functioned well enough in its current condition, it would suffice and any further
troubleshooting was unnecessary. Therefore, it was deemed no longer a requirement on
4/19/19 but is still a preferable feature if possible.
Create a portable apparatus for a classroom demo of lip thrust
The device must be compact and light enough that it can be easily carried from class to
class and must be able to demonstrate the effect qualitatively. Students must be able to
qualitatively observe the phenomena from anywhere within the room. Quantitative output
of lip thrust force is also preferred.
Must be robust, easy to operate, and maintain
The device must be robust enough to survive travel from class to class on a regular basis
and not warp with time and temperature variation within reasonable fluctuations of the
weather.
Battery powered OR 110VAC
Preferably LiPo battery powered because of compatibility with RC components, ease of
transport, and battery life.
Short handout for classroom use
Classroom handout that outlines the effect, what causes it and potentially has space for
solving the problem analytically.
Cost < $1,000
The assigned budget is $1000.
Ability to be tested in the Cal Poly wind tunnel (added on 4/5/19)
Dr. Westphal would like to test the apparatus in the wind tunnel for his own experiments
and perhaps to demonstrate another interesting phenomena in which lip thrust no longer
exists if the surrounding stream velocity is the same as the inlet stream velocity. The wind
tunnel mount also allows him to measure total thrust.
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Ability to also be constrained safely by a stable mount for a classroom demo (added
on 4/5/19)
Dr. Westphal demonstrated that the device has enough power to “fly away” if the base of
the device is not constrained and would like the base to be able to withstand the force of
the total thrust on its own.
Quantitative data measurement of lip thrust and total thrust in the wind tunnel
(added on 4/5/19)
In addition to being able to qualitatively demonstrate the zero lip thrust condition
mentioned in the previous conversation about the wind tunnel, Dr. Westphal would also
like to be able to get quantitative data out of the apparatus in the wind tunnel. For this it
needs to be able to mount to a specific mounting arm that will measure total thrust and fit
inside the wind tunnel. Dr. Westphal also expressed an interest in the idea of getting a
pressure measurement inside the inlet but expressed that it is not a requirement.
Quantitative data measurement of lip thrust in the classroom (added on 4/21/19)
It is required that we have a method of determining a value of lip thrust in a classroom
setting for potential verification against analytical results found during classroom
example.

3.4 Quality Function Deployment (QFD) Process
To help break down our customer needs and requirements, we created a preliminary house of
quality (Figure 8) for the purpose of quality function deployment (QFD) that breaks down
different engineering specification targets. Additionally, the diagram defines how we measured
each target, rates the importance of each parameter by the customers, and compares each target
to the capabilities of the existing apparatus. This is an early version of our house of quality
created before any extensive calculations or testing had been done. An updated QFD process is
described in Section 5.3 of this report.
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Figure 8. Preliminary House of Quality (QFD)

3.5 Preliminary Engineering Specifications
With the developed house of quality, we were then able to create a list of preliminary engineering
specifications shown in Table 1 that include a target tolerance, risk, and corresponding
compliance. These specifications were refined and discussed extensively in the conceptual
design process. The compliance category helps us determine whether our design meets each
specification via analysis, testing, inspection, and/or similarity to an existing product (A, T, I, S).
Risk is how challenging we thought it would be to meet each specification. Explanations
regarding how each target was determined, how we will measure each specification, and a
discussion of the high risk specifications are included below.
Table 1. Preliminary Engineering Specifications
Spec
#

Specification
Description

Requirement
or Target

Tolerance

Risk/Difficulty

Compliance

1

Lip Thrust Force at
2000 RPM

0.5 lbf

+ 1.5

H

A, T, S

2

Total Weight

5 lbf

±5

L

T
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3

Inlet Diameter

5 in

±2

H

A, S, I

4

Fan Speed

3000 RPM

± 1000

L

T, I

5

Lip Displacement

.75 in

± .25

M

A, T, S, I

6

Mount Size

5 x 5 in

±5x5

L

I

7

Max Wind Tunnel
Setup Time

25 min

±5

L

T, I

8

Max Classroom
Setup Time

30 sec

± 10

L

T, I

9

Full Battery Life at
2000 RPM

20 min

±5

M

A, T, I

10

Max Overall
Displacement

0 in

+ .5

L

A, T, I

11

Visibility of Lip
Displacement

10 ft

± 2 ft

M

T

Max Deformation
from Environment
in 7 Years

0 in

+ .01

M

T, I

Max Operating
Volume

80 dB

+ 10

L

T, I

Max Number of
Parts

10

+3

M

I

12

13

14

The lip thrust force target of 0.5 pounds was chosen based on a rough measurement from the
existing apparatus. We simply ran the fan at 2000 RPM and adjusted the angle of the cowl lip to
see when the lip thrust force would overcome the weight of the cowl lip. From the known weight
of the cowl and measured angle, an estimate of 0.09 lbf of lip thrust force was found. We
anticipate that there is potentially a large amount of error in this measurement considering the
friction inherent to the design and other factors regarding our measurement practices for this
approximation. However, considering that this was simply an approximation, we found it
suitable to proceed with this method of measurement. This is a high risk specification because it
is a very difficult parameter to measure accurately and will require further thinking to produce a
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quantitative data output. As our next step, continued to ideate and come up with different
solutions to have a more accurate way of measuring this force.
The target lip thrust force parameter contributes to the more important specification of the
physical visibility of the lip thrust displacement. We have a goal that the students will be able to
qualitatively see the movement of the lip from 10 feet away - whereas the actual parameter of the
lip thrust force itself just needs to be large enough to overcome the static friction for the lip to
begin moving. We can measure this specification easily with a simple tape measure and visually
testing if we can see the effect. Currently, the phenomena can only be seen from about 5 feet
away in the existing apparatus.
The total weight target of 5 pounds was chosen based on the requirement that the apparatus
needs to be portable - anything too heavy, would be inconvenient. In order to measure the total
weight of the apparatus, we will place it on a scale.
The inlet diameter target of 5 inches was chosen based on the limited space (7” x 7”) in the wind
tunnel application of the apparatus. This can be seen in Figure 9. Because this will be a difficult
parameter to size correctly due to compatibility issues with all the interacting components, we
consider it a high risk specification. However, this specification itself can easily be measured
with calipers.

Figure 9. Wind Tunnel and Mounting Stand for Apparatus
The fan speed target of 3000 RPM was chosen based on the existing apparatus having a limit of
2000 RPM. Because our apparatus and fan propeller will expectedly be larger, it makes sense to
want to have the capability to run faster and create more thrust. This parameter can be measured
by looking at the readout on the fan digital controller, assuming that it is a realistic output.
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The lip displacement target of .75 inch was chosen based on the existing apparatus having a
displacement of 0.29 inch. Because we expect our apparatus to be noticeably larger, it makes
sense to size this parameter accordingly. This can be measured accurately with calipers.
The mount size target of 5” x 5” was chosen based on the component sizes in the existing
apparatus. We expect our various components to be larger and in order for the entire apparatus to
be portable for a convenient classroom application, it would be useful to be able to carry the
entire setup as a whole.
The maximum wind tunnel setup time target of 10 minutes and classroom setup time target of 30
seconds was chosen based on how long it currently takes with the existing apparatus. This wind
tunnel setup time also includes the 2 minutes it takes for the wind tunnel to get up to speed. A
small part of the wind tunnel setup process is shown in Figure 10 in how the apparatus will be
attached to the mounting stand. These specifications can be measured with a stopwatch.

Figure 10. Existing Apparatus and Wind Tunnel Mounting Stand Setup
The full battery life target at 2000 RPM of 20 minutes was chosen based on a multimeter
measurement of the current draw in the existing apparatus, as seen in Figure 11. By dividing the
battery current capacity with the measured current draw of 3.5 A (ran at 2000 RPM), we can
expect the battery life for the previous apparatus to be around 22 minutes. Additionally, we sized
our final design battery capacity appropriately with the current draw from the determined fan
assembly to meet this target specification. Once again, this can be measured in a similar fashion
with a multimeter.
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Figure 11. Multimeter Current Draw Measurement
The maximum overall displacement target of 0 inches was chosen from a safety and practical
classroom application point of view. The lip thrust and total thrust phenomenon is much easier to
visualize when the entire mount and apparatus do not slide across the table during the
demonstration. This specification can be measured with a simple tape measurement or visually
noticing any movement.
The maximum deformation from the environment in 7 years target of 0 inches was chosen based
on the critical flaws in the existing apparatus. Mentioned and shown earlier in the report,
eventual non-concentricity of the apparatus detriments the actual demonstration of the
phenomenon. This cannot be physically measured, but can be predicted by looking at material
specifications and testing our printed prototypes in environmental conditions more extreme than
our expected operating conditions.
The maximum operating volume target of 80 dB was chosen based on a 72 dB measurement
from the existing apparatus and from the sense of a practical classroom demonstration. If the
final product is too loud, the class will not be able to hear the instructor explaining the
phenomenon. This specification can be physically measured with a rough estimate from a phone
application.
The maximum number of parts target of 10 parts was chosen based on the portability
requirement. Currently, the existing apparatus is made of 11 parts and is still quite convenient to
carry. This specification can be measured easily by visually counting the number of different
parts.
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4 CONCEPT DESIGN DEVELOPMENT
4.1 Design Philosophy
Our concept development process begins with functional decomposition of the device based on
the requirements outlined in the Scope of Work. The functions were then individually discussed
in more detail to ensure they were fully understood before beginning the ideation process. The
ideation process began with brainstorming and modeling ideas for whatever came to mind first in
order to get any latent ideas down on paper before going into more focused detail. Additionally,
the rough idea of the device was sketched in order to provide a general sense of direction for
consideration in the rest of the process (Attachment 5, 6, 7). In the second session of more
focused ideation every function was evaluated individually. The conclusions of these processes
were decided via initial practicality based elimination and decision matrices. This process
included revision of our decision matrix priorities to better reflect what we felt was important.
The top ideas from each function were then selected for overall concept modeling. Concept
models of individual functions were created or elaborated upon and then molded together to
create overall concept models that were subsequently compared via decision matrices, analysis,
and discussion with our project sponsor, Dr. Westphal. This process is intended to be iterative
and the design went through many iterations and printing of prototypes before deciding on a final
design. Following is the described process we used to develop, evaluate, and select our top
concepts and design direction.

4.2 Functional Decomposition
Functional decomposition of our apparatus was derived from the requirements outlined in the
Scope of Work and were defined starting with general ideas of function and divided into various
sub-functions required for each larger function. This is shown in Attachment 4 in the Appendix.
Functional Decomposition Completed 05/02/19
● Demonstrate that the lip thrust exists and function as an educational device about the
phenomena
○ Qualitative demonstration of phenomenon
■ Generate inlet flow
● Control inlet flow
● Supply power to flow generator
■ Packaging
■ Friction Reduction
■ Nacelle Design
■ Manufacturing Method
○ Wind Tunnel application
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■ Attach to wind tunnel mount
● Measure total thrust
■ Fit inside wind tunnel
■ Be controlled from outside wind tunnel
○ Quantitative data measurement
■ Lip thrust measurement
■ Total thrust measurement

4.3 Ideation Process
After determining what functions were necessary, the next step was to ideate on methods of
completing/accomplishing each function. This process included first a general random ideation
session to clear our minds, followed by researching methods already in use for inspiration and
then ideating about how else we might accomplish a function. The solutions generated during
ideation were then evaluated on an initial practicality basis. Ideas were weeded out based on
sponsor preferences or if they were deemed too complex or unrealistic leaving only a few ideas
for serious consideration in each category. These ideas were met with additional scrutiny in the
form of either a decision matrix or rudimentary analysis of the concept. Explanations and
accompanying figures for ideas generated in ideation are discussed below.
Random Ideation
The initial random ideation session on Attachment 5 was used to get any latent ideas out of our
minds prior to beginning in depth analysis of individual functions. This allowed us to not be
distracted by an idea for a function we were not presently working on and therefore avoid
potentially forgetting and losing that idea. This session also helped us open up to ideas outside of
the norms of what our system constraints presented. The only ideas from this session that are
discussed below are the ones that were not taken into consideration in the subsequent sessions of
ideation.
Functional Decomposition Based Ideation (Attachment 5, 6, 7)
After Random ideation, we went through all of the functions defined and discussed in the
Functional Decomposition and ideated on them to come up with the following ideas:
Nacelle Design
The overall nacelle design is important with regard to how it ties in to the other major aspects of
the functional ideation including frictional reduction methods and Quantitative Data
Measurement (QDM) methods. All designs considered are made to be compatible with wind
tunnel mounts. The two primary nacelle designs we considered are discussed below.
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Outer Lip Design
The outer lip design is based on the original design created by Bradley Schab seen
in Figures 1-3. The updated design is pictured below in Figure 12. We did not
want to rely solely on modern or different manufacturing methods to improve
Bradley’s design and set about improving the interaction between the inner and
outer nacelle with land modification and also addressed making the design more
compatible with different methods of friction reduction and QDM. The primary
changes made include moving the raised lands from the outer nacelle piece to the
inner nacelle. This allowed for a 50% increase in the length of the lands assuming
a desired displacement of .5 inches and an interior cutout that the inner nacelle fits
in of length 2 inches. An in depth explanation of why land length is important and
calculations for this are shown in Attachment 6. On top of increasing the land
length, the center of gravity of this outer lip nacelle is balanced in order to remain
positioned as close to the center of the lands as possible. This will result in the
amount of moment that develops as a result of the weight of the outer nacelle
deflecting being reduced because the moment arm will be smaller throughout the
movement.

Figure 12. Partial Cross-Section View of Outer Lip Nacelle Design with Pressure
Taps and Fluid Reservoirs in Lands
Inner Lip Design
The inner lip design shown in Figure 13 is designed with a similar mindset as the
outer lip design in that we want to have compatibility with as many frictional
reduction methods as possible and focus on making the design inherently less
frictional. This is accomplished once again by trying to shift the center of gravity
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of the moving lip rearward so that the developed moment remains small. This
design is also intended to create more contact and a closer fit between the forward
lip nacelle and the rearward base nacelle to hopefully result in frictional forces
being more evenly distributed about the surfaces. If this is the case, coatings like
liquid lubricants have a better likelihood of working as the engagement of the
surfaces will be larger rather than just on two edges or points as it is in the most
drastic moment case. Some potential issues with this design include the fact that it
would be difficult to balance the center of gravity of the lip toward the rear of the
lip without extending it back much further in the outer nacelle, making the entire
assembly longer. Additionally, if we were to instead use a metal band to move the
center of gravity backward, the machining skill required is rather prohibitive to
use getting a good result.

Figure 13. Cross-Section View of Inner Lip Nacelle Design where the Lip is a
Separate Piece Riding Inside an Outer Nacelle
Manufacturing Method
We decided to evaluate three main manufacturing methods for consideration in building our
apparatus. Along with initial weighing of pros and cons, we have included a decision matrix in
the following section on Decision Matrices.
3D Printing
3D printing provides us with an incredible amount of manufacturability and
ability to construct complex designs not easily manufactured using standard
methods. The complex internal geometries 3D printing allows along with the
ability to quickly, affordably, and easily create small scale prototypes makes this
an appealing option. Additionally, modern printing technology removes most of
the concerns regarding the old designs issues of material robustness and
tolerances that modern machines can hold. The potential drawbacks of using 3D

/

33

printing include cost for full scale prototypes can be very high, and finding
someone who is able to print for us could be another challenge. Additionally,
while we think the modern materials will be strong enough and are capable of
being printed within tolerance enough, they will likely still not be as accurate or
strong as some other methods of manufacturing.
Machining
Machining has the potential to provide some of the most accurate tolerances of
the options considered but the amount of skill required for machining some of the
geometries we are interested in makes it a rather prohibitive process. Machining
does provide us with the advantage of being able to use much more robust
materials such as metals, but the cost and difficulty associated with the process as
a whole can be drastically increased by this as well. Additionally, some of the
internal geometry being considered in our designs are in some cases difficult to
machine and in other cases impossible to machine.
Casting
Casting is rather versatile as far as what it could allow us to do with regard to
internal geometry, but the process, cost, and difficulty associated with getting dies
and casting internal geometry as small as what we are interested in is unrealistic.
Friction Reduction (Attachment 6)
Friction Reduction is one of the most important categories we examined as the main issue with
the original design was a result of too much friction in the system. This was therefore one of the
primary focuses of the ideation process and the concept on which the most time was spent.
Air Hockey Method
The air hockey method (Figure 14) refers to using a gaseous buffer similar to
how an air hockey puck slides seemingly without friction on a layer of air. The
idea was to translate this effect to our device and somehow create a radial
pressure gradient that would result in the lip floating on a layer of air rather than
actually contacting the inner nacelle structure. The two primary methods of
generating the effect we considered were putting a compressor or pump in the
stem of the nacelle and pumping the air out through ports or using the geometry
of our parts to guide airflow in a manner that would generate the effect. This idea
was examined further in the Concept Sketches including a small amount of theory
application but was ultimately discarded because of its relative lack of simplicity
and our inability to effectively predict how the method would affect the lip thrust
without extensive prototyping.
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Figure 14. Outer Lip Nacelle Design with Ports in Lands for Pumping Air Out Of
Felt
Using a fabric such as felt to reduce friction was one of our simpler ideas. It
would be incredibly easy to integrate into any of the designs and has the potential
to function well with some polymers; however, it does not seem to interface well
with the polymer we have chosen for printing. While there are additional concerns
regarding lifetime, the simplicity and low cost of the method are major bonuses. It
was further evaluated in our decision matrices in upcoming sections.
Liquid Lubricant
This method is similar to what the original design uses in that it simply involves
applying a liquid or aerosol lubricant to the contact surfaces of the moving parts.
This idea is good because of its simplicity and even if the leakage of lubricant is a
concern, lubricants are cheap and easy to reapply or various dry lubricants can
also be tested. This method of friction reduction is compatible with nearly any
nacelle shape design which makes it one of the more versatile designs. There are
concerns about its efficacy considering that in order for it to effectively maintain
the lubricant and for it to do its job properly, the nacelle parts must be
manufactured to demanding tolerances that will prevent the lubricant from simply
leaking out of the system. This idea was evaluated further in concept sketches and
beyond. Silicone spray fits into this category of liquid or aerosol lubricants based
on how it was defined above and shares many of the same advantages and
concerns.
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Hard Contact Surfaces
This method simply involves making the contacting surfaces very hard and
smooth to in theory reduce friction between them. This idea is unrealistic because
of the machining and material constraints and was not evaluated any further.
Low Friction Coating/Tape
This idea would involve coating the parts of the nacelle in a low friction coating
either using some sort of paint or lacquer or using something like a tape with low
friction on its non-adhesive side. This idea was not evaluated any further because
of potential material constraints that would become apparent when coating
polymer parts, and in the case of tape, potential geometry issues/snag hazards at
boundary interfaces of tape. Additionally, we did not have much confidence that
these methods would be particularly effective in the first place.
Loose Ball Bearings
The initial idea behind ball bearings was to fill the space between an inner and
outer nacelle with essentially a sea of ball bearings that would allow the lip piece
to slide in rolling contact which is preferable because of its mechanical advantage
of having no kinetic friction. Some of the primary concerns for this design include
viscous friction becoming too high if the bearings were to be lubricated, kinetic
friction if the bearings came into too much contact with each other, and
manufacturability and installation of so many ball bearings being difficult.
Retained Ball Bearings
Ball bearings were expanded upon in concept sketching to include a set up in
which the ball bearings were retained in dimples on one of the nacelle pieces.
This idea similarly gave us concerns about viscous friction from the grease that
would be necessary for the bearings to rotate in the dimples since they will not be
able to roll while in the dimples.
Linear Bushings
After briefly discussing the idea with our advisor, the idea of looking to linear
bushings/bearings for alternate methods of performing this task was suggested.
Analysis of linear bushings seemed promising until we found that bushings are
not made in a size that would be useful to us and creating our own would be
difficult from the standpoint of geometric design. We were not concerned as much
with the manufacturability of them because of the complex geometry 3D printing
allows us to create, but the lack of experience in designing such a device from the
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ground up without sufficient models to use as a baseline seemed like too large of a
development cost and hassle to make it worthwhile.
Magnets
Magnets spaced radially around the interfacing nacelle pieces would be oriented
to repel one another in order to have the lip float in or around the rest of the
nacelle, resulting in next to no friction (Figure 15). This idea was not evaluated
much further because the perceived complexity of machining and balancing
magnets, as well as a lack of understanding of how the magnets would potentially
affect the motor and other electronics in the system.

Figure 15. Radially Placed Magnets in Nacelle Repel Each Other To Allow
Frictionless Floating of Outer Lip
Quantitative Data Measurement (QDM)
The project requirements outlined in the Scope of Work contain multiple different requirements
regarding ability to collect quantitative data from the apparatus as well as a few “nice to haves”
in the words of our sponsor Dr. Westphal. We have outlined the primary quantitative data
measurements we intend our device to be capable of collecting below.
Lip Thrust Measurement (Attachment 6)
It is required that our apparatus be able to measure the lip thrust generated for comparison to
theoretical analysis in the classroom setting as well as for research purposes.
Radial Spring
Radial positioned springs connected from the moving lip to the stationary base
piece of the nacelle (Figure 16) can be used in conjunction with the measured
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deflection of the lip to determine the lip thrust force. One of the advantages of this
design is that the springs do not necessarily have to be spaced evenly around the
nacelle. By applying statics we can determining where to position the springs
radially to best counteract any potential moment that would be generated between
the lip and the base nacelle as a result of the weight of the nacelle. This means
that the springs not only can function as QDM but also can aid in reducing the
friction in the design. Some of the drawbacks to this design include the incredibly
low spring constant required in order to get reasonable readings with multiple
springs may be difficult to acquire and the balancing of springs may be difficult to
properly calibrate so that the springs themselves do not created their own
moments as a result of variance in their tolerances from spring to spring and
corresponding protrusions on the nacelle and lip. Additionally, it may be difficult
to get an accurate reading of displacement considering how small the
displacement may be for available spring constants. This method was evaluated
further in concept modeling and decision matrices.

Figure 16. Radially Positioned Springs on Both Nacelle Designs
Axial Spring
A spring attached axially to a stator in the lip is connected to a stand that is
stationary relative to the base of the nacelle when measuring lip thrust (Figure
17). This method is easier to balance than the radially placed springs and may
take no balancing at all; however, it cannot be used as effectively to counteract the
moments inherent to the design of the assembly. This method is very simple but
shares the same difficulty as the radial spring assembly when it comes to
accurately measuring the displacement. Considering the fact that this method
requires only one spring, it would be easier to tune in order to make the
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displacement larger, which is better for the in class demonstration, as well as the
accuracy of the QDM.

Figure 17. Axially Attached Spring Mounted to a Stator in Rear of Outer Lip
Nacelle
Strain Gauge Load Cell
In an effort to improve the accuracy and precision of our measurements, we also
considered using a strain gauge to measure the lip thrust. The strain gauge
simplifies the output of the measurement, reducing the chance of human error by
using some sort of electrical and potentially digital interface to provide a reading.
It also is capable of more accuracy of measurement than the other methods
because it does not require a large amount of displacement for a measurement to
be taken. However, this lack of displacement makes it a poor contender for
providing a demonstration in a classroom setting. Additionally, the complexity of
integrating the necessary electronics into our system is considered in further
analysis.
Total Thrust Measurement (Attachment 6)
Dr. Westphal is also interested in having a method of measuring the total thrust of the apparatus
for the purpose of comparing ducted fans to unducted fans. The primary focus of the
measurement method is based on the setup of the base more than the individual mechanism of
measurement such as spring versus load cell/strain gauge discussed for the QDM of lip thrust.
Both of these designs are compatible with all nacelle designs. The two primary methods we
considered for measuring this mechanic are discussed below.
Carriage and Rail
The primary focus of this method is the use of a carriage and rail assembly that
will allow for the entire assembly to move. The displacement of the assembly is
measured by a scale integrated in the base (Figure 18). The advantages of this

/

39

system is that it allows for the design to remain very compact and relatively
dynamically simple. We do not expect to have much issue with moments from
gravity and the presence of a lever arm in the form of the base stem needing to be
coupled as the spring for measuring the displacement can be attached to the same
stator as in the case of measuring lip thrust if necessary or directly to the carriage
if acceptable. However, we are concerned by the cost of the carriages and the
potential friction inherent in the designs. We have suspicions that the carriages
may have more friction than is preferable because the max dynamic loads they are
designed to withstand are around 4 orders of magnitude larger than the forces we
are intending to measure.

Figure 18. Full Carriage Setup with Controller, Battery, and Base
Counterweight
In an effort to address some of the concerns regarding our Carriage design, we
developed a counterweight design aimed at finding a method of measuring total
thrust with as little friction as possible. This idea came from a suggestion of Dr.
Westphal’s regarding using a “knife edge” to balance the assembly on because
this would create a rolling contact which is essentially without frictional losses.
We decided to do something similar but using bearings because we had concerns
about how to retain an assembly balanced on a knife edge. The counterweight
system can either work in a vertical or horizontal set up. The horizontal set up in
Figure 19 shows a nacelle sitting on one end of a rotating arm similar to the
centrifuges used to train astronauts. The arm rotates on a roller bearing in the
main stem and the counterweight in this situation is being used to balance the
weight of the arm so that the rolling contact is maintained evenly on all the rollers
of the bearing. The counterweight also works as an indicator for measuring the
angle of deflection of a torsional spring in the stem. A horizontal design has the
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advantage over a vertically positioned design in that the weight of the nacelle
does not begin to influence the angular deflection of the nacelle about the bearing.
Additionally, part of the inspiration for the horizontal came from the original
device Bradley designed, which despite its current, mostly inoperable condition,
functions reasonably well and reliably when turned on its side. We attribute this to
a better distribution of the outer lip’s weight on multiple surfaces of the inner
nacelle, i.e. not just the lands of the inner nacelle, but the stem of it as well.
However, a vertical system would not require a spring for measurement with a
sufficiently sized counterweight.

Figure 19. Horizontal Counterweight System

4.4 Decision Matrices
If a consensus on a specific idea was not reached for a certain function, the top ideas in
consideration were ordered into a decision matrix. Decision matrices were used both to refine
our priorities for each function as well as choose a final option or narrow the field of plausible
ideas for additional in depth analysis and consideration. This revision of weighting was
necessary at times when an idea lacking in a specific category or set of categories would
demonstrate more viability overall based on the matrix than we preferred due to the categories it
was sacrificing. If we were unhappy with the idea of a winning design having such a low score in
a certain category we had to revisit the weighting of that category in order to properly calibrate
our matrices for what we thought was important. The design matrices we completed are
discussed below.
Nacelle Design Decision Matrix
This matrix was for evaluating which of the primary two nacelle designs we wanted to move
forward with and found the Outer Lip Nacelle to be a better fit than the Inner Lip Nacelle
primarily based off its superior ease of manufacturing and affordability which make up for it
being slightly less effective in qualitative demonstrations.
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Figure 20. Side by Side Comparison of Outer Lip and Inner Lip Nacelle Designs
Table 2. Nacelle Design Decision Matrix

Inlet Diameter Decision Matrix
The chosen inlet diameter is a tie between a 2 inch inlet and a 3 inch inlet. As a result we have
decided to move forward with plans to accommodate a 3 inch because of the increased forces of
lip thrust and total thrust that will help make the demonstrations and QDM more accurate and
effective. Additionally, scaling the design up in size from 2 inches to 3 inches results in only a
3.375x increase in material required which is not much considering the weight of the original
assembly being approximately 1 lb. This will keep the design well within a reasonable weight for
being carried and make it much more effective in all forms of QDM and demonstrations as stated
before.
Table 3. Inlet Diameter Decision Matrix
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Manufacturing Method Decision Matrix
3D printing was found to be the best manufacturing method by far. Casting was very prohibitive
as far as cost, time and manufacturability were concerned which echoes our previously stated
concerns regarding the difficulty, time, and cost associated with getting dies made and set up to
work successfully for casting the more complex geometry. Machining failed in manufacturability
and time considering the amount of skill required to machine some of the considered geometry.
3D printing proved to be a more well rounded manufacturing method for the capabilities we
desire.
Table 4. Manufacturing Method Decision Matrix

Friction Reduction Decision Matrix
The chosen friction reduction method based on the decision matrix is the liquid lubricant because
of its low cost, reasonable effectiveness, relative ease of manufacturing, simplicity and ease with
which the method can be incorporated into our current design. The ease with which a method
could be incorporated was weighed heavily because it simplifies the design process from a cost
and time perspective. Designs that are difficult to incorporate into our current system will require
more and more prototyping and redesigns than those better suited to the current design. Thus
why the liquid lubricant is the best even though its projected effectiveness is not the best.
Table 5. Friction Reduction Decision Matrix
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Lip Thrust Measurement Decision Matrix
The radial springs for measuring lip thrust are the most well rounded of the options we evaluated
as they perform well in every category and will only be minor inconveniences to integrate into
the design and should have acceptable accuracy according to our current understanding of what
kind of accuracy is desired by Dr. Westphal.
Table 6. Lip Thrust Measurement Decision Matrix

Total Thrust Measurement Decision Matrix
The counterweight method of measuring total thrust outperforms or matches the performance of
the carriage and rail in every category except portability. Considering that either design will still
be rather portable, this is not a concern. We expect that the counterweight will provide much
more accurate measurements of total thrust as well as be more affordable as bearings are much
less expensive than carriages.
Table 7. Total Thrust Measurement Decision Matrix

4.5 Conceptual Design Choice/Direction
The overall design has, most generally, been determined to be a combination of the Outer Lip
Nacelle design and Horizontal Counterweight designs. The following section outlines the
deciding factors that led to the design elements incorporated into this overall design being chosen
for further consideration as we move forward in the design process. Additionally, the selection of
the general concept is explored in more detail.
Outer Lip Nacelle Design
The current nacelle design we plan to use is the Outer Lip Nacelle design shown in
Figure 21. One of the major aspects of this design that differentiates it from the original
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design it is based on is the improved lands. As stated before and demonstrated in
calculations in Attachment 6, by placing the lands on the inner nacelle rather than the
outer lip, there is an increase of 50% in the length of the lands based on a desired lip
deflection of .5 inches and a recess in the outer lip for the inner section of 2 inches. This
is important because longer lands will reduce the effects of a moment because the outer
lip will not be able to rotate as much when the land is longer. This can be easily deduced
if one considers that as a land gets smaller, the angle at which the outer nacelle can rotate
becomes larger and larger. As the length of a land approaches 0, the amount of allowable
rotation becomes infinite. This is explored more in diagrams shown in Attachment 6.
In addition to the improved land design, the new design can also accommodate many of
the frictional reduction methods we have discussed which is important moving forward
because we are unsure as to whether or not the liquid lubrication method will provide an
acceptable level of frictional reduction to provide acceptable results for Dr. Westphal.
Therefore, continue testing of frictional reduction methods with our PLA prototypes
moving forward. With one model, we will be able to test multiple methods of frictional
reduction making this the most efficient choice from a design standard and a friction
reduction research standard as well.
This design also features static ports for measurement of flow rate through this apparatus.
This data is valuable not only for the classroom demonstration accompanying theoretical
calculation, but for use in the wind tunnel as well for research purposes.

Figure 21. Cross Section View of Chosen Outer Lip Nacelle Design with Radial Springs and
Extended Lands
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Additionally, the ability to easily balance the center of gravity of this design makes it a
good option. We can balance the design simply by extending the rear section of the
nacelle which will add more mass in the rear and balance out the heavier forward lip.
This should keep the outer lip riding more smoothly and evenly on the lands with more
engagement of the buffer fluid and in theory less drag as a result.
Moving forward we plan on printing PLA models and testing the friction reduction
capabilities of liquid lubricants in order to determine whether or not they are practical. If
these methods do not show promise, we will continue to research with our PLA models
using other methods of friction reduction until sufficient reduction for accurate
measurement is achieved.
Radial Springs Used for Lip Thrust Measurement
Radially positioned springs on the inside of the inlet of the nacelle were chosen and
shown in Figure 21 as the best method of lip thrust measurement for the Outer Lip
Nacelle design. This is because they are able to be printed at any orientation within the
nacelle in order to counteract and balance the potential moment caused by the weight of
the nacelle and they provide the best containment of the lip thrust measurement system.
In this scenario, the lip does not have to be attached to an external stem in order to
measure the lip thrust. While it would not be difficult to accommodate an axial spring set
up even with the horizontal counterweight system, the radial springs are much more low
profile.
Moving forward we need to make sure that our lip thrust force is sufficiently large such
that having multiple springs will not cause the displacement to be unreadable. We want to
make the displacement of the lip as great as possible for the best visual demonstration
and for the best resolution in our measurement. Therefore, analysis of the springs
available to us will be necessary before making a final decision on this design. Luckily, if
this design is not compatible with our intended goals, adaptation of the axially placed
springs can be easily evaluated with modification to only two parts of the assembly; i.e.
adding a stator to the rear section of the nacelle, and adding an external stem to the main
arm or stem of the nacelle.
Horizontal Counterweight Assembly for Total Thrust Measurement
The Horizontal Counterweight Assembly shown in Figure 22 was chosen as the
measurement method of total thrust because it combines the improved frictional
reduction characteristics of having the nacelle on its side, with the simplicity of not
having to worry about factoring the weight of the nacelle into the calculations and
achieving low friction rolling contact with a bearing. This design is compatible with
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almost all of the other design choices we have as options to us should we decide to make
changes in other areas such as frictional reduction or nacelle design. Additionally, the
counterweight can be easily repositioned and calibrated to work with any set up that is
light enough to be balanced by it. Additionally, the resolution of the angle measurement
this system provides can be adjusted by changing the length of the arm. This allows us to
increase or decrease the resolution of the system in accordance to what Dr. Westphal
wants.
The main advantage of this design over the vertical design is that the gravitational effect
on the nacelle does not have to be taken into consideration in the final calculation of total
thrust, and the positioning of the nacelle assembly on its side has been demonstrated to
reduce the effects of friction in the Bradley model and we suspect that we will see similar
results here.

Figure 22. Unducted Configuration Available along with Counterweight Measurement Method
Unducted and Ducted Configurations Available
Dr. Westphal expressed that a “nice to have” for this apparatus is the ability to compare
the performance of a ducted fan versus an unducted fan. In order to accomplish this
request, we have decided to provide a second motor mounted to a second stand that is
compatible with the same style mount as the ducted apparatus, i.e. a wind tunnel mount
(Figure 22). This allows for the unducted and ducted fans to be quickly interchangeable
with the removal of only a pin or perhaps a set screw and hooking the motor up to the
control system. This allows for Dr. Westphal to do a demonstration for the class in which
the total thrust and lip thrust can be measured, hook up the other motor with the unducted
setup, and quickly get a total thrust measurement that demonstrates the difference in
thrust generation between the two setups.
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3D Printed 3 Inch Inlet Diameter (FormLabs Resin)
The device will have a nacelle with an inlet diameter of 3 inches, made out of FormLabs
rigid resin for the final design and PLA for early prototyping. The inlet diameter of 3
inches was chosen because despite tying with 2 inches in the decision matrix process, the
increased thrust values a 3 inch will provide will give us better accuracy in our
measurements of lip thrust and total thrust because the error will be less pronounced if
the forces of friction in the system become more and more negligible relative to the
forces of thrust. Additionally, we expect that increased thrust values will make the
qualitative demonstration function more reliably and the quantitative demonstration will
be easier to get accurate measurements from because the deflection will be larger.
FormLabs Rigid Resin was chosen for the final design because the strength of the resin is
far superior to other resins commonly available to us, and the QL+ lab has the resin and
printers capable of printing it to a high degree of accuracy. The rigid resin held up well in
our testing of samples reaction to heat (detailed in Section 4.6), which we had identified
as the primary factor influencing the warping in the original apparatus designed by
Bradley. Additionally, the FormLabs resin is ultraviolet curing which means that
prolonged exposure to light should not have much adverse effect on it in the years to
come. For prototyping, we used PLA because of the much lower cost and our access to
other printers outside the QL+ lab that have more availability. We think that PLA will be
a sufficient substitute for rigid resin as far as using it to determine whether or not the
design will work from a physical fit and finish perspective. We will not be testing PLA
under the same kinds of thermal testing conditions as we do not expect it to react in the
same manner as the rigid resin and will use our previous testing of the resin as our
baseline to justify that our final model of rigid resin will work, if deemed necessary.
Moving forward we have concerns about potentially not being able to print in the QL+
lab because the lab is technically only for their projects and their ability to print for us is
based on whether or not they have time to accommodate us. Additionally, Professor
Westphal mentioned that his summer project team worked on some 3D printing projects
and kept us updated if that equipment would be available for us to use as well when we
begin prototyping.
Static Pressure Taps (Flow Rate Measurement)
In order to be able to accurately approximate the lip thrust force using theory, it is
necessary to know the flowrate through the apparatus. Dr. Westphal suggested to us that
we use pressure taps which we have placed radially around the inlet. They are not
intended to be used at the same time as a demonstration of the effect occurring and would
instead be better applied if used outside the classroom setting to catalog flow rates at
corresponding motor RPM. For the wind tunnel application, we will be utilizing 2mm
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banana extension leads to control the fan speed of the apparatus inside the wind tunnel
test section.

4.6 Analysis/Testing
Below are some preliminary analyses and tests that we have done to approximate if our design
choices will satisfy the determined engineering specifications stated earlier.
Inlet Diameter Volume Analysis (Attachment 6)
Assuming: nacelle shape as a hollow cylinder, all dimensions scale proportionally
Analysis:
Length = L
Thickness = t
Inside Radius = r
V = Lπ(r + t)2 − Lπr 2
V = Lπ(t2 + 2rt)
If L, t, and r are scaled by a factor s,
V s = sLπ[(st)2 + 2(sr)(st)]
V s = s3 [Lπ(t2 + 2rt)]
V s = s3 V
Therefore, if the design is scaled by a factor s, the subsequent increase in volume will be by a
factor of s3 .
Thrust Force Approximations
By running the existing apparatus at 2000 RPM and adjusted the angle of the cowl lip to see
when the lip thrust force would overcome the weight of the cowl lip, we determined a
preliminary rough lip thrust force measurement of 0.09 lbf. From this, we estimate a lip thrust
force target for our final design of 0.5 lbf. We anticipate that there was a large amount of error in
this measurement considering the friction inherent to the design and other factors regarding our
measurement practices for this approximation. However, considering that this was simply an
approximation, we found it suitable to proceed with this method of measurement shown in
Attachment 9 in the Appendix.
It is also important to note that we obtained a rough total thrust measurement of .18 lbf from the
existing apparatus. Shown in Figure 23, the method to calculate this parameter is a very rough
estimation. In our expectedly larger final product, the measurement of total thrust force can be
accurately measured in the wind tunnel application.

/

49

Figure 23. Measurement of Total Thrust
Current Draw Approximation
The full battery life target at 2000 RPM of 20 minutes was chosen based on a multimeter
measurement of the current draw in the existing apparatus, as seen in Figure 24. By dividing the
battery current capacity with the measured current draw of 3.5 A (ran at 2000 RPM), we can
expect the battery life for the current apparatus to be around 22 minutes. Additionally, we will
need to size our battery capacity appropriately with the current draw from the determined fan
assembly to meet this target specification. Once again, this can be measured in a similar fashion
with a multimeter.

Figure 24. Multimeter Current Draw Measurement
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3D Printed Sample Testing
We have already ordered and received some 3D printed samples from a potential resin provider,
known as FormLabs. By contacting the Cal Poly QL+ lab, they have graciously agreed to print
early prototypes for us. This is an important aspect of the project since the major flaw from the
existing apparatus was the old 3D printing method and technology of 2012. The printer currently
utilized in the lab can both achieve crucial tolerances and print more durable resins necessary for
our final product. We tested the samples, shown in Figure 25, by setting up a small hair dryer to
blow air 3.5 inches away from each sample for 2 minutes. By taking measurements with a meat
thermometer (+/- 10 °F), the air reaches about 140 °F as it hits the sample, and it was allowed to
cool back to room temperature. This air temperature is useful because the motor on the existing
apparatus reaches around ~120 °F. Afterwards, we compared the dimensions with a dial caliper
(+/- .0005) to that of which before we heated the sample. We noticed that variations in
measurement location (~ .004”) caused greater changes in measurements than actual thermal
deformation so we concluded that the heat could not have changed the dimensions more than
.004”. However, if the actual 3D printed prototypes do not achieve the necessary target
engineering specifications and specified targets, we will quickly be able to discuss different
manufacturing methods. One key observation, however, is that the ball joint sample, if left alone
over time, will sort of bond to the restraining inner walls and cannot rotate initially with ease
since the material is soft and heat effectively amplifies that “sticking” effect.

Figure 25. QL+’s 3D Printer and Testing of FormLabs Resin Samples
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Figure 25 (cont.). QL+’s 3D Printer and Testing of FormLabs Resin Samples

4.7 Risks/Challenges in Preliminary Design Phase
Challenges we perceived in our chosen design direction and choices involved the manufacturing
method of 3D printing and our quantitative measurement methods. With 3D printing, we
received conflicting information regarding QL+’s availability for allowing us to print with their
equipment. However, our early prototypes were made out of a cheaper PLA filament for concept
testing anyway. Because our design direction and choices revolve around higher quality 3D
printing, though, we ran into the issue of our future samples not being indicative of our final
product when we may print it out of a different material. This expected design risk was
incomplete and was a work in progress as we reevaluated our design choices to see if we could
design a concept that did not rely so heavily on high tolerance printing. One solution that we did
not fully flush out at the time of preliminary design was the concept to design a moving lip
around an already made ducted fan assembly.
Another unknown we were expectant of was the accuracy of our quantitative data measurement
strategies. With the inherently low thrust load application of this project, it may be difficult to
overcome the frictional force needed to get any sort of displacements, and as a result, thrust
measurements. We planned to reevaluate our frictional reduction methods in our conceptual
designs with Professor Westphal to potentially design around this foreseen problem before we
began early prototyping.
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5 INTERMEDIATE DESIGN (pre-CDR)
This section of the report explains our design choices before final feedback from our sponsor
explaining what our intermediate design was, what it did, how it would have worked, and why
we believe it would have met all of the specifications defined from our statement of work.

5.1 Description of Intermediate Design
Fan Selection
We decided to focus our research primarily on ducted fans because we found that many
manufacturers of ducted fans provide total thrust data which was important for determining the
theoretical amount of lip thrust prior to purchasing and development of a total thrust measuring
mechanism. This meant that we could determine whether or not the fan would provide an
acceptable amount of lip thrust prior to testing in order to guarantee that the same friction related
issues experienced in the first design would be relatively insignificant compared to the new lip
thrust force. Additionally, ducted fan assemblies are advantageous because on account of not
having to invest time in stator design for an unknown range of flowrates or concern ourselves
with rotor balancing. It is much easier to construct a lip around an existing nacelle/motor frame
than to build the entire assembly from the ground up. In searching for ducted fans, we came
across FMS, a company who manufactures ducted fans with removeable lips as shown in Figure
26. This feature made this manufacturer and obvious choice as it meant we did not have to do
any machine work on the nacelle or design a new lip as a part of our prints. We could instead
simply adapt the existing lip to a moving sleeve that would demonstrate the effect and allow for
quantitative data collection. In addition to having an advantageous construction, the FMS fans
were offered in a wide range of sizes with very large thrust capacities which are discussed below.

Figure 26. Exploded View from FMS Manufacturer
The primary reason this design appealed to us was the removable lip which meant we did not
have to do any modification to the actual fan assembly aside from removing the lip and
constructing a mobile one around the inner nacelle. The ability to easily replace parts is a plus as
well. The fan and motor specifications and recommendations are shown in Attachment 19.
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Sizing
Through our research from PDR, we determined that the optimum fan inlet size would be
approximately 3 inches in diameter as shown in Table 3. We therefore set the FMS 80mm
ducted fan as our baseline for comparison to determine whether or not the decisions made
in PDR were still valid in legitimate fan selection. In order to do this we compiled
information on the various fan sizes as tabulated below. The primary factor that went into
confirming our decision was examining the thrust capacity of each fan relative to its size.
When comparing the 64mm to the 70mm fan, there is a substantial increase in the amount
of thrust gained from the increase in inlet diameter; approximately 200%. From 70mm to
80mm there is a significant difference of 30% as well. However, increasing from 80mm
to 90mm results in only a 3.5% increase in total thrust which is a negligible return
considering the additional bulk, weight and other negative factors incurred as a result of
the increased size. This is catalogued below in Table 8.
Table 8. Catalog of Total Thrust Values for Various FMS Ducted Fan Offerings

The additional minimal increase in total thrust and capability of functioning as a
qualitative demonstration from across a classroom did not outweigh the downsides of the
size. As far as analysis of the smaller fan diameters is concerned, we felt the significant
reduction in total thrust was not worth sacrificing for any gains in assembly compactness
or weight considering one of the primary issues with the initial design was the inability of
the fan to overcome the friction in the nacelle.
Final Fan Selection
For the final design we selected an 80mm, 2100 kV ducted fan manufactured by FMS
and shown in Figure 27. This fan is capable of a maximum of 34 Newtons or 7.8 lbs of
total thrust and runs on LiPo batteries. We selected an accompanying speed controller
from FMS and stayed with our current servo tester that was used for the original design.
The recommended batteries to be used with the selected fan are 6S LiPo batteries but we
are currently using Dr. Westphal’s 4S batteries for preliminary testing. This will be
discussed more in its own section. 2100 kV indicates that we are theoretically able to get
2100 rpm of fan speed for every volt of electricity supplied. The fan uses 4mm banana
leads that are compatible with the speed controller. These specifications are shown in the
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product literature in Attachment 19. With this set up we are able to generate plenty of
total thrust which ensures that our design has an easier time overcoming any friction
between the lip and the inner nacelle. It also means that the speeds that Dr. Westphal can
test the apparatus at in the wind tunnel are much higher as well because the inlet speed
into the fan will be quite high as well.

Figure 27. FMS 80mm 12 Blade V2 with 3280 2100kV Motor
Lip Design
Lip design began once we had selected a fan to work with. FMS provided rough outlines of the
dimensions which were used to make the mock up of the fan seen in Figure 28 for reference in
building the lip around. This allowed for initial prototypes of the lip to be drafted while waiting
for the fan to arrive. For the lip design the goal was to take advantage of the construction of the
purchased fan in as many ways as possible. Therefore the lip was designed to accept the
removable lip from the FMS fan to simplify the printing and allow for better surface finish on the
inlet of the fan. This also greatly reduced the amount of material that needed to be printed as well
as the number of complex features being manufactured. The CAD model shown in Figure 28
below was generated based on rough dimensions provided by FMS and used for developing an
accompanying lip design.

Figure 28. CAD Model of FMS 80mm Fan
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Qualitative Lip Thrust Demonstration
The primary function of the apparatus is to demonstrate the lip thrust effect qualitatively.
We decided to move forward with a design similar to the original apparatus in concept
but that also allowed us flexibility with regard to troubleshooting the issues the previous
apparatus was faced with. While we did not expect concentricity issues with the inner
nacelle considering its rather solid 2 piece construction made from a polymer intended to
withstand the stresses of an RC plane flying and landing on a very regular basis, we
wanted to allow for enough clearance that the outer nacelle would not have to rely on
close contact with the circular face of the fan for positioning. We instead opted to use the
two flanges on either side of the nacelle as the interface with two corresponding slots in
the lip nacelle shown in Figure 29. Not only did this allow the weight of the lip to be
concentrated on two flat surfaces with only gravity to contend with and a low frictional
coefficient, but it also allowed us to use the holes in the flanges on the inner nacelle as
datum for the springs we will be using to measure the lip thrust of the fan. This will be
discussed later in the Quantitative Data Measurement portion. We also plan to add an
indicator strip to the fan inner nacelle, as shown in the right image in Figure 29, that will
become visible only after that lip has moved forward, making it extra clear that the lip
has shifted. The purpose of this strip is to make the movement apparent from a far
distance even if the displacement is not very drastic.

Figure 29. Views of Fan and Outer Lip Assembly
Quantitative Data Measurement (QDM)
As was briefly mentioned above, the QDM was accomplished using two springs placed
longitudinally along the outside of the nacelle and hooked into the inner nacelle via the
flanges the outer nacelle runs on. The other side was hooked into additional flanges on
the outer nacelle designed specifically for this purpose. Once we confirmed the apparatus
was generating substantial lip thrust, we moved forward with ordering a spring that
would provide us with approximately 0.5” of displacement that can be read along a scale
overlapping with the indicator strip for the qualitative demonstration. Using their

/

56

knowledge of the spring constants and the displacement, students will be able to compare
the results of their calculation of the lip thrust force to the measured value. The value of
0.5” was chosen arbitrarily based on what we thought would be enough of a displacement
to reasonably reduce the error in the reading and still make for an effective qualitative
demonstration. With regard to the accuracy of the measurement, this theory is based on
the principle that a 0.010” resolution on a 0.100” measurement represents a much greater
margin of error than a 0.010” resolution on a .5” measurement.
Static Ports
The lip has static ports integral to the inlet in order to allow for Dr. Westphal to take
measurements of the static pressure and therefore the inlet flowrate, velocity, etc. These
are 1/16” nominal counterbore with a 1mm inside diameter and go directly through the
lip nacelle to the 80mm inside surface of the nacelle. They specifically measure on the
80mm portion of the inlet so as not to introduce any discontinuities in the flow being
measured that would not otherwise be there if the entire assembly were one continuous
construction. The were printed as a part of the overall design and 1/16” metallic tubing
was placed in the counterbore of the static ports secured with an epoxy. The printers
cannot produce a high enough quality of print for the holes so they were treated as pilot
holes and then drilled out to proper sizing. There are 4 ports spaced evenly about the
circumference of the nacelle. The ports are shown in Figure 30 below.

Figure 30. Outer Lip Nacelle with Static Ports Around the 80mm Inlet
These ports are for measuring the inlet velocity of the air via static pressure. Additionally,
the flanges on the left hand side of the figure, or the back of the nacelle, are to be used for
retaining the lip as outlined in the following section on retention.
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Figure 31. Section View of Fan and Lip Assembly
Figure 31 above shows how the inner fan and outer lip interface together. The printed lip
has a clearance fit relative to the fan assembly and an interference fit with respect to the
lip from the fan assembly. The inside diameter of the printed lip nacelle just after the lip
from the assembly and before the inlet to the actual fan is sized to be 80mm so there are
no significant changes in pressure through this portion of the lip. This is important
because the static ports for measuring inlet velocity of the air will be placed here.
Retention
Because the lip is experiencing a forward thrust, it is necessary that it have some sort of
retention to the inner nacelle outside of the springs in case Dr. Westphal wishes to use the
apparatus without the springs. In order for the lip to remain monolithic, we decided to
have the lip slide onto the flanges from the front and add small flanges with holes placed
rearward on the body of the outer nacelle on either side of the slot the inner nacelle
flanges run in such that when a pin is driven through the holes, it will contact the inner
nacelle flanges before allowing the lip to slide off. The flanges with these holes can be
seen in Figure 30 at the back of the nacelle.
Base Design
The CDR base design is a departure from the original proposals in that the hinge mechanism was
redesigned into a knife edge with rolling contact in a radius as seen in the left image of Figure
32. The balance to the moment will be set up in a manner similar to an old mass balance scale as
seen in the right image of Figure 32. The balancing mass will have a thumb screw to tighten
down wherever couples the moment best. The motor could then be adjusted with the servo tester
for fine tuning of the balance. The thrust moment is balanced by the moment generated by a
sliding mass causing all of the thrust force to be directed parallel to the plane the base sits on.
This means that the weight of the entire assembly must be enough such that the frictional force
between the table and the base of the assembly is greater than or equal to the thrust to keep it
from moving. This proposal required an overall assembly weight of approximately 10 lbs when
using friction tape to prevent the base from sliding across the table. Pending approval of the
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suggestion of a 10 lb assembly, we also put forward the alternative suggestion of a base that
clamps onto the edge of a table in order to secure it and can be seen in Figure 38. An assembly
using this method would likely have a weight in the range of 7 to 8 lbs as opposed to 10.
However, with this projection, the base would have been made out of ⅜” x 8” x 10” Aluminum
to meet the weight requirement.

Figure 32: Overall Base and Knife Edge Design

5.2 Functionality of Intermediate Design
Data Measurement and Demonstration Methods
The overall functionality of the design is to provide qualitative and quantitative demonstrations
of the lip thrust effect as well as a quantitative output of total thrust. The apparatus also needs to
be compatible with the wind tunnel for additional testing.
Starting with the Quantitative and Qualitative Data Measurement and Demonstration of the
effect, the lip of the nacelle is free to move along the length of the inner nacelle when the fan is
turned on and the air passes into the lip in order to demonstrate the effect. This movement is
limited to approximately 0.5” because we felt this amount of displacement in combination with a
red indicator strip becoming visible would be enough for a classroom demonstration of the
effect. Additionally, we wanted to use springs to measure the total thrust of the apparatus so the
springs are sized such that they displace approximately a half inch or more when the apparatus is
at maximum thrust. In addition to the red indicator strip, there is an accompanying scale to
measure the displacement.
The total thrust measurement mechanism plays into this demonstration as well in that the system
can be balanced with the lip on and then the lip can be removed to demonstrate that the fan no
longer has the same amount of thrust because the weight will no longer be lifted off of the
platform by the coupling moment. The total thrust measurement works simply off of a moment
balancing principle similar to old mass balance scales where the mass can be moved and fixed at
a certain length of moment arm in order to balance the thrust moment exhibited by the fan. The
total thrust assembly is a simple balance of three moments. One is the moment generated by the
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counterweight, the other by the rod the counterweight moves on, and the final moment from the
fan itself. These can be quickly balanced using statics in order to generate the following
relationship that students can use to solve for total thrust.

FW =

−F R LR + F T LT
LW

where:
F W = force from balancing weights
F T = thrust
F R = weight of rod
LT = distance from P to normal to F T
LW = distance from P to normal to F W
LR = distance from P to normal to F R

This calculation is based on the assumption that the gravitational effects of the rest of the system
are negligible in their contribution to the total moment. Calculations for this equation can be
found in Attachment 24 of the Appendix.
Electrical System Design
The electrical system that the motor functions off of consists primarily of a battery, the motor, the
servo tester, and the speed controller which links all of it together. This can be seen with
annotations on wire type in Figure 33 below.

Figure 33: Brief Electrical System Diagram
There are 3 different kinds of connections coming out of the speed controller, one of which goes
to each of the other 3 main components of the assembly. The battery is hooked up via a standard
RC connector known as an XT90. This connection however, is not the same as what Dr.
Westphal’s batteries and extension cords use so a small adapter was purchased to remedy this
disagreement. However, modern batteries are typically equipped with XT90 connectors used in
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the final design as referenced in Attachment 19. The battery provides power to the entire system
including the servo tester. This is because the electronic speed controller (ESC) we purchased is
a BEC type which means that the PWM wire which runs from the ESC to the servo tester
provides voltage as well as accepting signal. The ESC is then connected to the motor by a set of
yellow, black and red 4mm banana plugs. The battery sends power to everything in the system,
the servo tester sends a signal to the ESC which it interprets in order to determine how much
power from the battery to direct to the motor. All standards referenced above can be found in
Attachment 19.

5.3 Updated Customer Specifications
In revisiting our customer needs and requirements, we created an updated house of quality
(Figure 34) for the purpose of quality function deployment (QFD) that breaks down different
engineering specification targets. Additionally, the diagram defines how we will measure each
target, rates the importance of each parameter by the customers, and compares each target to the
capabilities of the existing apparatus. The highlighted cells are the changed specifications from
our earlier preliminary design development process.

Figure 34. Updated House of Quality for CDR (QFD)
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The changes from our preliminary house of quality were necessary after understanding the
operation of our apparatus a bit more. The first change was from measuring the “lip thrust force
at specified RPM” to “max lip thrust force” because the specified RPM is not actually an
important characteristic if we have a more accurate way of measuring and calculating lip thrust
without needing the RPM. When the original measurement was defined, we were under the
impression that we needed the RPM in order to calculate a theoretical lip thrust. However, with
our current fan setup providing a total thrust rating, we can actually calculate our theoretical max
lip thrust. In similar logic, the fan speed target of 3000 RPM was also removed. Another change
was from measuring the “battery life at specified RPM” to the “battery life at RPM providing
necessary thrust”. This is just a clarification of wording that more accurately defines a more
useful measurement. Additionally, the requirement for a maximum number of parts was removed
because the original intent of that specification was to help define a way to ensure portability and
usability of the entire assembly. However, the number of parts did not necessarily need to affect
the portability and complexity in using the apparatus.

5.4 Meeting Specifications
Lip Design
Quantitative Data Measurement
The specifications for the QDM require that we develop a method of reliably reading the
lip thrust of the assembly for a given fan speed. The method we have chosen to
accomplish this as outlined above involves connecting two springs from the flanges on
either side of both the lip and inner nacelles and measuring the amount the lip nacelle
moves forward during the running of the fan. The springs are going to be carefully sized
such that the assembly provides us with a reasonable amount of displacement for our
design thrust condition. Based on the total thrust data provided by the manufacturer in
Attachment 19, we were able to determine the flowrate and subsequently the inlet
velocity of the fan through simple Linear Momentum analysis and actuator disk theory as
seen in Attachment 12. Combining this equation for the derived lip thrust equation, we
were able to determine that our fan should produce 17 N or approximately 3.8 lbs of lip
thrust. A rearranged equation from the lip thrust theory derivation is shown directly
below and the actual calculation for these theoretical values can be seen in Attachment
12 in the Appendix.

T lip = P surr Alip + ⍴surr Ainlet (− 0.5V in 2 + V in V surr − 0.5V surr 2 )
= (0 P a * .002 m2 ) + [1.2

kg
m3

m 2
2
* .005 m * (− 0.5 * (74 s ) + 74

m
s

*0

m
s

− 0.5 * (0

m 2
)]
s

= 3.8 lbf
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In order to determine what springs to buy, we simply have to determine our desired
amount of displacement of the springs and use Hooke’s Law to determine the correct
spring constant for our desired results. Our specifications state 0.5” of displacement at
full power. From this we can go about solving for the spring constants as follows:

H ooke′s Law
F = kx
f or
x = displacement of spring f rom equilibrium [distance]
k = spring constant [f orce/distance]
B ased on our lip thrust calculation we know :
F tot = 17 N or 3.8 lbs
T heref ore the total f orce per spring is 8.5 N or 1.9 lbs each.

F = kx
k = Fx
k =

1.9 lbf
0.5 in

k = 3.8 lbf /in
With the maximum value of k determined we were then able to search online distributors
in order to find springs with approximately comparable k’s that were appropriately sized
to work with our assembly. They additionally needed to have a max extension of greater
than 0.5” under our load conditions, otherwise we could ruin the spring. The method of
comparison for this involved multiplying our max load of 1.9 lbf by the k of a
prospective spring and comparing the length to that of the maximum extension. If the
value was less than the max extension, the spring was a viable option for the system.
Some springs were also provided with maximum load limits which allowed for us to
forego that calculation altogether. Examples of online distributors’ documentation can be
found in Attachment 19.
The result of this search provided us with a 1” long hook ended spring that will easily
interface with our existing assembly. The position of the lip side connection for the spring
can be adjusted as well to ensure that we are getting desirable amounts of deflection out
of the spring based on max deflection values. With the spring chosen and specified in our
planned purchases, we expect to achieve .68” inches of deflection. The approximate
length between the two points of the connection for the hook ended spring are shown in
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Figure 35 below, demonstrating that a 0.5” displacement will result in the revealing of a
red strip on the inner nacelle to show that the lip has certainly moved. This area will also
feature an inch scale for the purpose of measuring the actual displacement of the spring.

Figure 35. Lip Nacelle in Resting and Displaced Positions

Qualitative Demonstration
The primary requirement of the qualitative demonstration is that it visibly portrays the
effect in a classroom setting. In order to do this we have allowed for the lip to move
forward about the inner nacelle fan assembly with the addition of a colored strip that
becomes unobscured by the lip movement forward. This ensures that even if a student is
far enough away that a minimum of 0.5” displacement is not enough that they can clearly
see it, they will be able to definitively see that part of the inner nacelle that was not
visible previously is now.
In addition to this initial requirement, we also have to ensure that the lip will not succumb
to friction impeding its ability to move as the previous apparatus did. The solution to this
has been to reduce the contact surface to the minimal amount possible while keeping the
overall fit of the assembly rather close so that the moments acting on the contacting parts
are distributed over as much of the face as possible. This is discussed earlier in PDR and
page 4 of Attachment 7 as a method of reducing friction by way of improving the
tolerances of the system.

Durability/Maintenance
Durability was one of the issues of the previous design in that the degradation of its
concentricity is what led to the increase in friction in the system. We are working on
validating the durability of our lip design as a part of our validation testing in the future.
For the time being however, we have two options as far as the durability of our lip is
concerned. One of them is to improve the quality of the polymer we are printing via a
company such as MakeXYZ in Atascadero. Another option is to circumvent the issue by
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taking advantage of the Innovation Sandbox which we have used for all of our printing
up until this point. The Innovation Sandbox allows for a quick and cost effective
replacement of the lip to be rapidly constructed should the need arise. This means that
replacement of the lip would require a set up procedure of less than five minutes, waiting
a few hours while it prints, and then picking it up later in the day. This method has been
extremely useful for manufacturing prototypes and could serve as an alternative to
drastically increasing the print costs by going with an outside vendor. An outside vendor
would also make replacements less convenient, more expensive, and less timely.

Base
The term “base” for all intents and purposes of this report refers to all components of the
assembly that are not the lip and fan. Therefore this includes all of the total thrust measurement
method components in addition to the physical base.
Total Thrust Quantitative Data Measurement
The total thrust method we have chosen hinges upon the knife edge and mass balance
ideas suggested by Dr. Westphal. The important components of this portion of the design
are the linkage joining the fan to the knife edge and the balancing weight and its
accompanying rod that it rides on (Figure 36). The primary sizing design concerns are
centered around these two parts of the design.

Figure 36. Total Thrust Data Measurement Method
Material Selection
The Material selection for the base was primarily based on specifications outside
of manufacturing. The aluminum base was selected because it met weight and
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size targets. Angle iron was selected for the knife-edge cradle because it is cost
effective and a simple method of integrating a curved surface for the interface into
the design without having to complicate our manufacturing process. Steel was
chosen for the knife edge because of its strength which is important in
maintaining a relatively thin edge. It also had the added benefit of being able to be
machined from the same block of steel as the counterweight. The material for the
counterweight was chosen with similar constraints in mind as with the base and is
outlined in the section above where its design process is discussed. Similarly, the
linkage connecting the knife-edge, fan and counterweight rod together is to be
made from aluminum because it can be easily machined from the base block of
aluminum to save on material costs. The rod that the counterweight rides along is
to be constructed out of 0.5” diameter aluminum because the weight of the
balancing rod has little effect on the overall moment of the system so using steel
does not make much sense considering the affordability of aluminum along with
its naturally corrosions resistant properties. In addition to this, it is plenty strong
enough to withstand the moment caused by the weight being placed in the
maximum position. This calculation is outlined in Attachment 16 and general
equation shown below where the total deflection under max load was found to be
approximately 0.016” which is completely acceptable for our purposes. Sources
of materials can be seen in the Planned Purchases section and their properties in
their corresponding sections of Attachment 19.

δrod =

W L3
3EI

Counterweight
The weight of the counterweight was determined using the same simple moment
balancing equation presented in Attachment 24. This equation was the basis of
the design process but was used in tandem with other calculations based on a
simple force-moment balance to quickly evaluate multiple options for the overall
assembly. In order to get an acceptable size of counterweight the moment balance
equation was plotted with the weight of the counterweight as a function of its
position on the rod. Using this method we were able to set an upper acceptable
limit for the length of the rod and present an array of values to return an output
counterweight for. In this way it allowed the length of the rod to be viewed a sort
of variable in the equation in that we can choose the length of the rod based on
whether or not we think the counterweight required at that length to balance the
max thrust is acceptable. We once we had set an acceptable range of rod length
we began choosing and importing the other values in the equation. Some of these
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values such as the maximum total thrust are fixed while others such as the density
of the rod, it’s radius, and the length of the thrust moment arm are variable.
Changing these values allowed for further tuning of the system in order to get an
acceptable counterweight of 2.6 lbs. While this may seem like a large
counterweight, considering that it aids in reaching the overall assembly target
weight that will be discussed in the next section, it is much more reasonable. The
equation used to calculate the counterweight and equation that the students will
use in the classroom to calculate a total thrust measurement are shown below:
−F R LR + F T ,tot LT
LW
F L +F L
F T ,tot = R R L W W
T

FW =

Stability/Resistance to Movement
Sliding
Ensuring that the assembly does not need to be held in order to prevent it from
sliding across the table is another priority for us that we have decided to solve by
using friction tape on the bottom of our base such that the frictional coefficient is
large enough that it in combination with the weight of the assembly is enough to
prevent it from flying away. The calculation for this was done using the standard
equation for friction and assuming that the total thrust acts entirely in the direction
parallel to the plane that the base sits on. This is because if the moment is
perfectly balanced, this should be the case assuming the weights of the fan and its
linkage are centered above the knife edge. Therefore the equation to solve for the
necessary normal force is as follows:

F T ,tot < μs N (f or no movement)
μs = 0.8 by conservative estimates
∴ N = F T ,tot /μs
This calculation results in a normal force of approximately 43 N or 9.5 lbs. For
the sake of keeping our estimates concservative, we decided to round this up to an
even 10 lbs
Knowing that a total weight of 10 lbs was required to prevent the apparatus from
flying away, we catalogued the weights of everything in the assembly and took
the difference between it and the target weight for the assembly. This catalogue of
weights can be seen in Attachment 22 and ended in the selection of a base of
approximately 3 lbs.
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In order to determine the base material a spreadsheet file was drafted to calculate
the area a base would have to occupy if we wanted it to be a certain thickness.
The following logic was used for this calculation:

ρg(1in)A = 3lbs
so...
3lbs
A = ρg(1in)
f or g = 32.2 f t/s2
and ρ = density of material being evaluated
For an initial calculation we selected 1” as the thickness and compared aluminum
with an approximate density of 2700 kg/m^3 with steel with an approximate
density of 8500 kg/m^3. This resulted in a 1” base of area 31 in^2 for aluminum
and approximately 10 in^2 for steel. In order to provide further clarity in the
decision we decided to do the same calculation but this time setting the area equal
to 8.5” x 11” and solving for the thickness in order to get a good idea of what kind
of thickness to expect for a size of base that we can easily envision. This resulted
in a base thickness of approximately 3/8” by closest approximate standard size to
round up to. Repeating the process for the steel yields a result of 0.105” thick.
This is the same thickness as 12 ga steel meaning that it would be a convenient
size but seems like it would be lacking in stiffness. Additionally, the other
advantage to using steel was that our angle iron piece that cradles the knife edge
could be welded to the base rather than secured using bolts but the thinness of the
steel would potentially result in warping of the platform which would hinder the
ability of the friction tape to do its job. For these reasons we chose to go with an
8” x 10” base made of 3/8” thick aluminum due to its advantage in rigidity and
having a more suitable depth of material to secure the angle iron via bolts. For
material property references see Attachment 19.
Securing Fan Assembly
Considering the impressive amount of thrust that the fan is capable of generating,
it is necessary that the fan be properly secured to the base to ensure that all of the
force it generates is transmitted directly to the base under all thrust loads such that
the fan does not fly off independent of the base. In order to guarantee this does
not happen the angle iron is to be positioned at an angle steep enough that the
weight of the fan assembly will balance the thrust force when the components of
each force are balanced along the plane of the angle iron. This calculation is more
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clearly outlined in Attachment 23. The calculation was done under the
assumption that there is no friction in order to find a more conservative estimate
of an acceptable angle to contain the fan assembly. The calculations determined
that an angle of approximately 50° is a conservative maximum required to keep
the fan from flying off. Therefore we will be positioning the angle iron at
approximately this angle. In addition to this precaution, it was suggested that we
include a tether from the base to the fan assembly. Instead of the tether we are
also looking into the concept of closing off the top of the angle iron so the knife
edge is contained while the assembly is constructed.
Manufacturing Method
Manufacturing methods for the base are intended to be as simple as possible. The
most complex parts of our manufacturing process at the moment involve some
simple machining, tapping holes, and a small amount of welding.
Starting from the ground up, a small piece of aluminum will be cut from the base
in order to construct the linkage connecting the knife-edge to the rest of the
assembly. The base will then have two holes drilled and tapped into it that
correspond to holes on the angle iron as well. The holes will be countersunk on
the bottom of the base such that the screws will sit flush and thread into holes in
the angle iron to secure it. The counterweight will be cut from the 2” x 2” x 6”
block of steel and then drilled and tapped to allow for the thumb screw and
balance rod to interface with it. The knife-edge will be machined from the
remaining steel. The knife edge will also require drilling such that a bolt can be
placed through it to engage with a threaded hole cut in the aluminum rod,
securing the knife-edge, linkage, and rod together. The fan will be secured to the
linkage with screws through a slot cut in the inner nacelle. Which thread into the
linkage. The entire upper assembly will be tethered to the angle iron with a simple
string or with full containment of the knife edge. The drawings for the parts are
seen in Attachment 18 in the Appendix.

Wind Tunnel Compatibility
The wind tunnel stand uses a standard adapter interface which we have included in the
design of the linkage joining the fan to the knife edge as seen in Figure 37. This means
that we can remove the fan from the knife edge quickly and then promptly move the
assembly into the wind tunnel for testing. The electrical connections also need to be
accounted for in making it compatible. Our plan for this is to purchase 4mm extension
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cords to run from the motor to the outside of the wind tunnel that way the speed
controller, battery and servo tester can all be outside of the wind tunnel as well.

Figure 37. Wind Tunnel Attachment to Fan Assembly
Portability
The specifications set in PDR called for a total assembly weight and size of 5 lbs and 5” x
5” respectively. The total assembly weight of the final design is approximately 10 lbs
with an overall size of approximately 8” x 12” x 6”. We are seeking approval from Dr.
Westphal on the general size that we have selected. The reason for the increase in size
and weight is related to the overall increase in the power of the fan.
In the event that the size we are suggesting is not approved we have provisional plans to
make the assembly smaller and lighter. In order to reduce the overall size of the assembly,
we will reduce the maximum design total thrust and reduce the size of everything
accordingly. We will then install failsafes into the assembly to prevent the new design
thrust from being surpassed. This can be accomplished by reducing the battery voltage
such that the battery cannot provide enough power to run the fan at the previous
maximum. Another option is to change the design of the base entirely so that the mass of
the system is not a factor in preventing the movement of the assembly under maximum
thrust conditions. This would involve substituting the current base design with a more
compact one that clamps onto the edge of a table as shown in Figure 38.
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Figure 38. Clamping Configuration of Assembly if Desired
Servo Tester
The current servo tester provided by Dr. Westphal meets all expectations and we
therefore do not see any reason to replace it barring that it does not break sometime in the course
of our project development. However, a spare servo tester was also tested to work with our
system.

Battery - Run Time and System Power
Battery specifications were that it had a run time substantial enough for testing within the wind
tunnel as well as short classroom demonstrations. In order to size the battery based on run time
we needed to relate the milliamp hour ratings of the batteries to the current draw of the fan. The
simple equation for this is as follows:
I capacity
I draw
T run,theo = 598Ahr
A

T run =

*

60 min
1 hr

= 3.06 min

This equation is used in the calculation of run times in Figure 39 below.
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Figure 39. Comparing Run Time of Different Batteries
The last row is Dr. Westphal’s battery data. The cost of Dr. Westphal’s battery is based on the
approximate cost we projected for an XT90 to bullet adapter. Details about run time calculations
as well as max current for Dr. Westphal’s battery are discussed in Attachment 25. The
recommended run time of a LiPo battery is 40-50% of the maximum possible run time, hence
why we have added a column for it here.
Based on the data we decided to go with a 5000 mAh battery. Despite the fact that it is the least
cost effective relative to run time, it is more cost effective than the 6600 mAh offering and has
more run time available than the 4000 mAh offering. Dr. Westphal’s batteries have been selected
for use in preliminary testing but are not optimal for final use because our assembly’s design is
based around the maximum total thrust which is not provided with Dr. Westphal’s batteries.
Because the batteries Dr. Westphal has are 4S or 4 cell rather than 6S, the total voltage they
provide is lower and subsequently they only provide about 66% as much current as the 6S
batteries. This means that we can expect to see a significant reduction in the performance of the
fan relative to our design conditions which is not ideal when trying to accurately demonstrate the
effect or retreive quantitative data if the springs and counterweight are oversized.
Therefore, the final battery chosen is an HRB 5000mAh 50C 6S 22.2v RC Lipo Battery XT90
Plug. 50C is a value that is used to calculate the maximum current the battery can supply using
the following mathematical relation:
AM AX = (amp hours) * (C rating)
Therefore, the maximum current supply of this battery is 250 Amps, which is well above our
max current draw from the motor and ESC of approximately 100 Amps. We wanted to have an
XT90 connector as well because this means that the battery can interface directly with the speed
controller without the need for an adapter. For reference documentation on item specifications
listed above, see Attachment 19.
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Electronic Speed Controller
The ESC chosen is an FMS Predator 100A ESC. We decided on an FMS because they are the
same company who manufactures the fan and we therefore did not have concerns about
compatibility between the two. The ESC’s requirements included that it needed to be BEC so
that the PWM wire from it to the servo tester would provide power to the servo tester, and it
needed to be compatible with our motor in both function and withstanding the maximum current
draw rating of the fan. Considering that all of these conditions were met in addition to it being
from the same manufacturer, this ESC was an obvious choice. For reference documentation on
item specifications listed above, see Attachment 19.

5.5 Design Hazards
The relevant design hazards with our delivered product is later outlined in Section 6.5 of
our final design.
5.6 Early Prototyping and Testing
Cost of Initial Testing for First Verification Prototype
The current cost for prototyping our external lips is $0. Innovation Sandbox allows us to print
with PLA for free which is what we have chosen to do for the first 6 iterations of our prototypes
so far as discussed below.
Our projected cost of initial testing is approximately $161 which is the cost of the XT90 to bullet
connecter (~$9), the ESC (~$64), and the fan (~$87). The XT90 connector was purchased in
order to make our speed controller compatible with Dr. Westphal’s battery. These components
and connections are shown in Figure 40 below. This allowed us to forego the cost of a battery
for the initial testing. However, initial testing has incurred additional costs which will be
discussed later in the Testing section of the report.

Figure 40. Purchased Components Necessary for Initial Testing
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The table below was used in the process of battery selection and sizing to compare the run time
of different batteries. Battery info is compiled in Attachment 19. The last row that is highlighted
is Dr. Westphal’s battery data. The cost of Dr. Westphal’s battery is based on the approximate
cost we projected for an XT90 to bullet adapter. Details about run time calculations as well as
max current for Dr. Westphal’s battery are discussed in the Appendix as Attachment 25. The
recommended run time of a LiPo battery is 40-50% of the maximum possible run time, hence
why we have added a column for it here.
Table 11. Run Time of Batteries and Current Capacity of Professor Westphal’s Battery
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6 FINAL DESIGN
6.1 Description of Final Design and Changes Made Since CDR
This section of the report explains what our final design is, what it does, how it works, and why
we believe it meets all of the specifications defined from our statement of work. This section is
an addendum to Section 5 clarifying changes made after CDR and any additional steps of
development that resulted in our final product.
Fan Selection
Our fan selection did not change between CDR and our final design. We found that the FMS
80mm Ducted Fan was entirely sufficient for our purposes.
Lip Design
This section focuses on changes to the outer nacelle of the apparatus from CDR. The overall
concept remained largely unchanged but was tuned in response to testing and to meet Dr.
Westphal’s specifications.
The primary change involved making the lip 3D printed as part of the outer nacelle as seen in
Figure 41, rather than having the printed part interface with the provided lip from FMS. This
came as a suggestion from Dr. Westphal and allows for a stronger outer nacelle. This is on
account of it being monolithic with fewer sharp edges and changes in thickness which would
amplify stress.

Figure 41. Integrated Lip Nacelle

/

75

Qualitative Lip Thrust Demonstration
The Qualitative Lip Thrust Demonstration did not change from the CDR design. The
indicator strip was created by applying a paint pen to the outside of the fans base duct
(Figure 42). No other developments were made in this category.

Figure 42. Indicator Strip Applied Using a Paint Pen
Quantitative Data Measurement (QDM)
The QDM method did not change from CDR. The only developments in this area were
acquisition and testing of various springs. We found spring constants were frequently
quite different than advertised as shown in Table 12, and our system incurred enough
error through friction and other factors that ordering lighter springs was necessary. We
ended up making multiple purchases of progressively lighter springs in order to find
some adequately tuned to our system. We settled on a spring constant of 0.47 lb/in (0.6
lb/in advertised) for the final design as it allowed for a sufficient amount of visible
deflection at less than our maximum throttle. We intentionally opted for a weaker than
necessary spring so that Dr. Westphal would not have to run the apparatus at full power
for a sufficient classroom demonstration. This saves battery life and makes demonstrating
the device much quieter.
Static Ports
The static port changes since CDR include making the extrusions in the nacelle much
larger and treating the printed holes as pilot holes and drilling the inside of the ports with
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a dremel. We drilled 1mm holes all the way through each port and then drilled a 1/16”
counterbore for bent brass tubes. These brass tubes were fastened using epoxy and
attached to a plastic tube manifold that can be connected to a pressure measuring device.
These changes can be seen in Figure 42.
Lip Retention
The method of retaining the lip has changed slightly although no modifications to the
design were necessary. The flanges at the back of the nacelle are still being used to hold
the lip on but do not interfere with the flanges on the fan. They instead interfere with the
stand mounting hardware (Figure 43). This was not necessarily intentional but became
an apparent function upon the first assembly of the apparatus and was therefore
integrated into the final design.

Figure 43. Retaining Flanges on Printed Lip Nacelle
Base Design
The final base design diverts almost entirely from the proposed base in CDR as a result of
discussing project priorities with Dr. Westphal. Dr. Westphal emphasized that the quantitative
measurement features of the apparatus were “nice to have’s” and not strict requirements, and we
should therefore focus on accomplishing the strict requirements prior to attempting to
accomplish additional “nice to have’s”. We therefore modified our approach to the base design
by redesigning it to meet the bare minimum requirements of the project. Once the minimum
requirements were met, we were then to move on to attempting the QDM of lip thrust as it was
the next most achievable goal. Total thrust measurement would follow this. The final base design
we settled on was intended to provide us with the ability to easily integrate QDM upon finding
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success with our initial goal of making an apparatus that simply demonstrates the effect. This
meant that when it came time to integrate QDM of lip thrust into the design, we simply needed to
add springs to the current design.
Strict Qualitative Demonstration Apparatus Base Design
For the minimum requirement apparatus, our base was simply two columns that fastened
to the flanges on either side of the fan duct. The columns were connected on the bottom
to plates that can be easily clamped to the edge of a table with C-clamps. This allows for
an individual to secure the apparatus so a single person can perform the demonstration
safely. This design is featured below in Figure 44.

Figure 44. Strict Demonstration Apparatus Base Design with Columns
Quantitative Data Measurement of Lip Thrust Modification
Upon verifying that the demonstrative apparatus worked, we updated the base design by
connecting springs from the flanges on the front of the lip to the columns. The springs
were attached to the columns by placing one end of the spring between the fan flange and
the mounting plates of the columns. The column mounting hardware holds the spring in
place by compressing it between the two flat surfaces. The other end of the spring is
secured to the flange in the lip nacelle by looping the available open end of the spring
through the hole in the extrusion as seen in Figure 45.
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Figure 45. Quantitative Data Measurement Spring Modification to Initial Base Design
Wind Tunnel Mount
Due to the revision of the base, we no longer had a wind tunnel compatible mount
integrated into the base. A separate wind tunnel mount was devised to make up for this
inadequacy and is shown below in Figure 46. The wind tunnel mount is simply a 3D
printed adapter to the wind tunnel stand which is fastened to the motor of the fan
assembly using a hose clamp. In addition to providing us with wind tunnel compatibility,
this mount provides compatibility with a wind tunnel stand capable of measuring the total
thrust of the apparatus. In this way it is possible for it to fulfill our total thrust
requirement as well. When the assembly is in its wind tunnel configuration, the columns
are removed so that just the mounting hardware for the columns remains to hold the
springs in place. This was not necessary, but leaving the columns would result in poor
flow characteristics in the wind tunnel. Adapting the design to not include the columns
required no modification to the design so it made sense to configure it in this manner for
the testing.

Figure 46. Wind Tunnel Configuration with Mount
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Quantitative Total Thrust Measurement
As mentioned above in the wind tunnel mount section, our current method of total thrust
measurement is using the wind tunnel mount stand that is capable of measuring total
thrust. Considering the time frame of manufacturing for the project, it was not feasible for
us to construct a base capable of measuring total thrust in a classroom setting as it was at
the end of our priorities. Therefore, the wind tunnel mount is our projected solution to
this problem. We will also be recommending additional solutions to this problem in later
discussions in order to provide direction should Dr. Westphal choose to go down that
route.

6.2 Functionality of Final Design
Data Measurement and Demonstration of Effect
Our data measurement methods have not changed since CDR aside from the replacement of the
total thrust measurement method with the wind tunnel stand that provides a definitive output of
total thrust. Additionally, the demonstration of the effect has not changed in any substantial
manner.
Electrical System Design
The electrical system has not changed aside from the acquisition of a new servo tester. This servo
tester is smaller and simpler than the original one. More importantly, it is very affordable and in
current production as well.

6.3 Updated Customer Specifications
Our customer specifications since CDR have largely not changed with the exception of lowering
the priority of having Quantitative Data Measurement capabilities. This is reflected later on in
the discussion of the updated customer specifications when elaborating on the design verification
plan (Section 8.1). As explained earlier, Dr. Westphal viewed anything beyond creating a new,
more robust, working example of the initial apparatus as something that should come after
demonstrating that our first draft product fulfills the baseline requirement.

6.4 Meeting Specifications
Lip Design
Qualitative Demonstration
We met this specification by providing an apparatus that can readily demonstrate the
effect from a reasonable distance across a classroom without creating too much noise or
requiring too much time for set up. This capability was also verified for the wind tunnel
application. This specification was met by choosing a fan with sufficient power to
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overcome even large amounts of friction and adding a white indicator strip to the inner
nacelle to make movement more apparent.
Lip Thrust Quantitative Data Measurement
The specification for QDM of the lip thrust effect was met by constructing our apparatus
in accordance with our plan. This meant attaching springs to the outer nacelle and inner
nacelle and using markers of known distances to find the force generated using Hooke’s
Law. This provides us with a good approximation of lip thrust for comparison with
theoretical values.
Durability and Maintenance
Durability and maintenance requirements have been met by constructing the outer nacelle
from polymer used by the on campus 3D printers. These printers provide reasonably
strong parts that can be quickly replaced with the submission of another print and a minor
amount of fitting and finishing. Finishing work is only required if subsequent lips need to
have the ability to accept 1/16 inch nominal diameter brass tubing for measuring inlet
conditions. Durability of the lip has been achieved through multiple iterations of
refinement. We focused on reinforcing areas where deformation was seen in order to
ensure that there would not be repeat incidents of breakage within a reasonable time
frame.
Base Design
Total Thrust Quantitative Data Measurement
We will not be meeting this specification. This was on account of our decision to tackle
the project in the order of easiest to most difficult task to assemble. The Total Thrust
QDM was the most complex part of our design and not a primary concern of Dr.
Westphal. We therefore chose to spend more time on refining the Qualitative
Demonstration and QDM for Lip Thrust, rather than focus most of our time on a
requirement that was of lower priority to Dr. Westphal. Additionally, if Dr. Westphal
wishes to collect total thrust data, there are options such as the wind tunnel mount already
available to him.
Securing Base and Fan Assembly
In order to save weight and reduce bulk we decided to secure the base to the table using
C-clamps. This way we can increase the frictional force between the base and the table
without needing to increase the weight. For securing the fan assembly to the base we
elected to use the mounting flanges on the sides of the main fan nacelle. This means that
our fan is sufficiently secured to the base although it is not capable of measuring total
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thrust in this configuration. For measuring total thrust we would either need to construct a
new base in the manner that we have shown, use the wind tunnel mounting stand, or
purchase one as there are total thrust measuring devices on the market already as will be
discussed later.
Wind Tunnel
The wind tunnel mount meets the requirement of rigidly securing the fan assembly to the
mounting column of the wind tunnel while allowing the outer nacelle to function
normally. The mount is secured to the fan via a hose clamp which allows for simple and
quick removal. We have tested the apparatus in the wind tunnel and modified the design
with longer 4mm leads so that the ESC and the rest of the electronics do not have to sit
inside of the wind tunnel.
Portability
The specifications set in PDR called for a total assembly weight and size of 5 lbs and 5” x
5” respectively. Our final design is very close to meeting these specifications. Overall
weight is 2.91 lbs and overall footprint is approximately 10” x 10” for the apparatus
assembly including additional space for the accompanying electronics. All of these
components can be easily carried in a small bag or cardboard box.
Servo Tester
We updated the servo tester from the original model Dr. Westphal had because the
original model is no longer in production. Additionally, the new model is much simpler to
set up and operate than the old one and much smaller and lighter.
Battery Run Time and System Power
In talking with Dr. Westphal, we determined that the batteries Dr. Westphal had for us to
test with were sufficient for running the apparatus. The power supplied by the batteries
was sufficient to generate deflection with the springs we selected and therefore we saw
no need to purchase more powerful batteries.
Electronic Speed Controller
No changes were made to the ESC.

6.5 Hazards
This section provides a discussion of the failure modes and design hazards associated with our
final design. Additionally, a recommended course of action for each concern is outlined
thereafter.
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Table 9 discusses the safety, maintenance, and repair considerations of our final design through
analyzing potential failure modes.
Table 9. Failure Mode Effects Analysis (FMEA)

Reading across the list of the table, we can see the identified potential failure modes, its effects,
the potential causes of such a failure mode, current preventative activities, the current detection
activities, and the recommended actions required for the user to complete at the time of
occurrence. Additionally, we can see a severity scale for failure modes and effects, an occurrence
scale for potential root causes, and a detection scale for failure occurrence - all of which range
from 1 to 10. In the severity scale, a minor or rating of 1 can be described as unreasonable to
expect that the minor nature of this failure will have any noticeable effect on the overall
assembly. However, a rating of 9 or 10 can be described as a failure that affects the safety of the
user and others around them. In the occurrence scale, a remote or rating of 1 can be described as
an unlikely failure and a rating of 10 would be that the failure is almost inevitable. In the
detection scale, a very high or rating of 1 can be described as if the current controls are almost
certain to detect the failure mode and reliable detection controls are known with similar
processes. However, a rating of 10 can be described as controls being unable to detect the
existence of such a failure and there are no known controls available to detect the failure mode.
A design hazard checklist is also shown below in Figure 47 to display any predicted hazards
associated with our final design and early prototyping phase.
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Figure 47. Design Hazard Checklist
The notable outcomes from this design hazard checklist to be aware of are that the system does
include hazardous revolving, it undergoes high accelerations, includes pinch points, and can be
used in an unsafe manner. The list below in Figure 48 describes the recommended planned
corrective action for each of these design hazards.
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Figure 48. Planned Corrective Action for Each Design Hazard

6.6 Final Design Testing
The testing of our final design is discussed in detail later on in Section 8.2 as a part of design
verification for a qualitative lip thrust demonstration, quantitative lip thrust measurement, wind
tunnel compatibility, and total thrust measurement.
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7 MANUFACTURING
This section explains how we made our design come to life through describing our procurement,
manufacturing, and assembly process.

7.1 Procurement and Final Budget
Our manufacturing materials are primarily going to be purchased from a large online distributor
as outlined in our Cost Summary in Section 9. The rest of the parts will be purchased from
various hobby sites or on Amazon depending on shipping options and availability also outlined
in our Cost Summary. All purchases were made by Dr. Westphal so he was kept in the loop about
where we were in the production process as well as receiving his feedback in determining
whether or not the materials we selected were most suitable. Additionally, the reimbursement
process was easier for Dr. Westphal to handle. With an allocated budget of $1000, we spent
around $350 to get to our final design assembly.

7.2 Manufacturing of Verification Prototypes and Final Design
Discussing with our sponsor (Dr. Westphal), we decided that our verification prototype was
defined as an assembly that would be able to qualitatively demonstrate the lip thrust effect.
Lip Manufacturing
For our first verification prototype construction material we decided to 3D print in PLA for
prototyping and potentially even on the final design depending on how our prototypes held up
under repeated use. We took into consideration other avenues of 3D printing if the PLA printing
from Innovation Sandbox did not meet our needs, including MakeXYZ, an Atascadero based
printing company, and FormLabs, an advanced printing company that has printers capable of
holding much better tolerances in multiple other resins.
As far as examining alternative manufacturing methods, we discussed in PDR the idea of
constructing the lip out of a material such as aluminum. Considering the machining that would
be required to obtain the geometry we were interested in, we do not see this as an efficient
method in any way. It is not cost effective, would produce a large amount of waste material, and
is not efficient in terms of machining time.

The first prototype was to test the print quality and fit from the Innovation Sandbox printers after
having adjusted the initial lip design based on measurements taken from the actual fan. This
prototype is shown in Figure 49. Unfortunately, as shown in Figure 49, this prototype had too
small of an inside diameter and the slots for the flanges did not line up. The inside diameter is
believed to have been too small because the quality of the first print was low enough that the
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printer distinctly printed a many sided polygon rather than an actual circle. The printer
approximates circles with these polygons such that they are circumscribed by the correct
diameter. Therefore, the removable lip from the fan fit perfectly because there were many points
of contact for it along the correct radius’ however, the lip did not fit over the inner nacelle
because the correct inside diameter was from one corner of the polygon to another, rather than
from one side to another, meaning there was interference with the sides of the polygon and the
nacelle. Refer to Figure 50 for an additional visual aid regarding why the fit does not work at
low print qualities. The effective radius of a polygon when working as the outer part of a
coupling is instead the inscribed circle which is much smaller than the circumscribed. This is
why the fit was incompatible. In order to remedy this in the initial prototyping stages, we made
the inside diameter larger.

Figure 49. First Prototype of External Lip Design

Figure 50. Circumscribed polygons for Demonstration of Initial Prototype Failure
Another issue inherent to the first prototype was that the flange slot cuts did not align with those
on the inner nacelle. Initially, this was assumed to be a result of poor print quality. However, it
was later discovered that the flanges on the inner nacelle are in fact not actually
axisymmetric/spaced evenly about the radius.
In order to circumvent the issues described in our very first prototype print, our second prototype
shown in Figure 51, had an increased inner diameter and the second flange interface was
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removed. Unfortunately, we increased the diameter too much and the lip did not sit flush with the
inner part of the fan. Our third print sought to remedy this and also began the process of us
working on improving the print quality by optimizing the file type for the Innovation Sandbox
printers.

Figure 51. Second Prototype of External Lip Design
In comparing our first and second prototypes to our third shown in Figure 52, you can clearly
see the difference in the quality of the prints as it now looks much smoother and cylindrical than
the early polygonal prototypes.

Figure 52. Third Prototype of External Lip Design
Having realized the issues of print quality and the flange asymmetry, we decided to move
forward with the 4th and 5th prototypes with a design more similar to the original concept of
having slots for both flanges on the inner nacelle. In the 4th prototype (Figure 53), we began the
testing of print quality for the smaller flanges on the lip nacelle designed for retention and spring
connection. However, we noticed the flanges were not stiff enough and we wanted to improve
upon that feature in our next prototype print.
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Figure 53. Fourth Prototype of External Lip Design
Prototype 5 was a further refinement of the prototype 4 print in regards to having wider flanges
for greater stiffness. We found that printing at the maximum quality resulted in too much support
material, as well as deformation of some features (Figure 54).

Figure 54. Fifth Prototype of External Lip Design
In the fifth and sixth prototype (Figure 55), it was very obvious that the support material from
the Innovation Sandbox prints was causing issues. To get the final workpiece, pliers were needed
for tough removal of support material that lead to tolerance and surface finish issues when prying
them off. In observing this, we decided to try printing the next prototype from a different
orientation to get a better surface finish on the important features.
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Figure 55. Sixth Prototype of External Lip Design (Support Material)
By changing the printing orientation in the seventh prototype (Figure 56), we observed a much
cleaner finish on the interface upon which the lip would sit flush. We also printed the boss
features where the 1/16” brass tubing for pressure taps would be epoxied in. However, although
the lip interface was a lot cleaner, we decided to try printing our next prototype with a lip instead
of putting the external one from the fan manufacturer on. When we initially decided on our
external lip design, we thought that the printer would not be able to print the lip successfully
without needing a lot of support material. But by physically prototyping with the Innovation
Sandbox printers, we were able to see how changing the print orientation and file type may allow
for a successful print with a lip already on it.

Figure 56. Seventh Prototype of External Lip Design
In the eighth prototype (Figure 57), we observed that the lip printed with a very nice surface
finish. This was very promising moving ahead on iterating to our final design. Unfortunately, the
boss features did not come out well because the student running the Innovation Sandbox printer
did not peel off the support material delicately.
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Figure 57. Eighth Prototype of External Lip Design
In the ninth prototype (Figure 58), we changed the angle of the boss features so the support
material could be removed more easily. However, after discussing again with Dr. Westphal, we
were told that the 1/16” brass tubing would interface better with the pressure taps if the
extrusions were normal to the cylindrical surface and larger. We also made the gaps that would
show the indicator strip on the inner nacelle larger for better visibility of the effect.

Figure 58. Ninth Prototype of External Lip Design
In the tenth prototype (Figure 59), our sponsor was very pleased with the design, but after some
initial testing, we noticed some deformation on the flanges that held the springs. This is
discussed further in Chapter 8’s testing section.
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Figure 59. Tenth Prototype of External Lip Design
The final print of our external lip design is shown below with more material surrounding the
spring mounting flange. Professor Westphal is pleased with our final assembly and
demonstration of the lip thrust phenomenon was successful with this configuration.

Figure 60. Final Print of External Lip Design
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Stand Manufacturing
For our stand that would allow for a qualitative demonstration of the lip thrust phenomenon, we
used scrap aluminum found in the machine shop junkyard and bought 3mm nuts and bolts from
Ace’s Hardware Store in San Luis Obispo.
Manufacturing of the stands included basic bandsaw, milling, and test fitting shown in Figures
61 and 62 below.

Figure 61 Measuring, Marking, and Milling

Figure 62. Test Fitting Nut and Bolt Alignment
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The final design of the stand was test fitted with the rest of the fan and lip assembly (Figure 63).
Minor adjustments were made and the test is further described in Chapter 8’s testing section.

Figure 63. Final Design and Test Fitting

Figure 64. Applying Indicator and .125” Marking Scale with Paint Pen
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Pressure Tap Manufacturing
After discussion with our sponsor, some post processing work needed to be done on our final
external lip design for fitting of the 1/16” brass tubing. Another similar external lip was printed
and these manufacturing steps were repeated after some deformation was seen on the spring
flanges due to final testing further elaborated in the testing section of this report.
The final lip design did require small amounts of additional finishing work to allow the static
port holes to fit the 1/16 inch nominal brass tubing. This manufacturing step took about 15
minutes once the optimal order of operations was settled on. We found that the most efficient
way was to counterbore, drill out the 1 mm port, and then blow out any chips with compressed
air. This method was fastest because the holes were least likely to be clogged by drilling in this
order and therefore, no redrilling was required to clear chips from additional drilling operations.
Operations included:
- Drilling the holes (THRU) of the print to 1mm and verifying that with a light (Figure 65)
- Counterboring the boss feature to 3mm and cleaning that with a reaming tool and
compressed air (Figure 66)
- Dremeling the 1/16” brass tubing to length, filing, and bending (Figure 67)
- Sanding the brass tubing for a good surface finish and bonding it to the external lip
design (Figure 68)

Figure 65. 1mm Drilling and Verification with Light
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Figure 66. 3mm Drilling and Cleaning

Figure 67. Dremeling, Filing, and Bending the 1/16” Brass Tubing to Size
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Figure 68. Bonding the 1/16” Brass Tubing to the Counterbored Feature
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7.3 Manufacturing Challenges, Lessons Learned, and Recommendations
From our milling operations for the stand, we accidentally broke an end mill (Figure 62). We
learned and recommend in the future to slow down the feed across the part to ensure something
like this does not happen again. Additionally, we recommend using a center drill for guidance in
drilling critical holes.

Figure 69. Broken End Mill
From our 3D printing process, a recommendation for the future is to closely observe the way the
original part was constructed in designing for any interfacing components. We learned this from
our first prototype when we realized that our assumption of the flanges on the inner nacelle being
axis-symmetrical was invalid. Taking more detailed measurements and observing closely would
have saved us the printing time of one prototype. Thankfully, the repercussion of our oversight
was not very detrimental in our overall manufacturing process. Additionally, we also learned that
defining and considering the print orientation is very important in the overall surface finish of the
final part; this was especially important due to the requirements of our 3D printed workpiece. A
useful tip that we implemented in our printing process was to print the assembly with slightly
smaller holes than what they need to be so they could be used as pilot holes for easier post
process manufacturing. Finally, we learned and would recommend leaning on the side of putting
on more material when you are even slightly worried about the stiffness of a certain feature. This
was learned later on in the initial testing of our spring setup and is described later in the testing
section of Chapter 8.
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8 DESIGN VERIFICATION
This section includes an updated version of our defined specifications and explains how we
tested our final design in meeting all of the design specifications from our statement of work
with our sponsor.

8.1 Discussion of Updated Specifications
With an updated house of quality (Figure 34), we created a list of updated engineering
specifications shown in Table 10 that include a target tolerance, risk, and corresponding
compliance. Once again, the compliance category helps us determine whether our design meets
each specification via analysis, testing, inspection, and/or similarity to an existing product (A, T,
I, S). Risk is how challenging we think it will be to meet each specification. Specifications we do
not expect to achieve are highlighted in yellow and a discussion for each target is explained
following the table. Specific tests regarding how we will measure each specification are
explained in Section 8.2 afterwards.
Table 10. Updated Engineering Specifications (CDR)
Spec
#

Specification
Description

Requirement
or Target

Tolerance

Risk/Difficulty

Compliance

1

Max Lip Thrust
Force

0.5 lbf

+ 1.5

H

A, T, S

2

Total Weight

5 lbf

±5

L

T

3

Inlet Diameter

5 in

±2

H

A, S, I

4

Fan Speed

-

± 1000

L

T, I

5

Lip Displacement

.75 in

± .25

M

A, T, S, I

6

Assembly Size

5 x 5 in

±5x5

L

I

7

Max Wind Tunnel
Setup Time

10 min

±5

L

T, I

8

Max Classroom
Setup Time

30 sec

± 10

L

T, I
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9

Battery Life at RPM
Providing Necessary
Thrust

20 min

±5

M

A, T, I

10

Assembly Overall
Movement

0 in

+ .5

L

A, T, I

11

Visibility of Lip
Displacement

10 ft

± 2 ft

M

T

Max Deformation
from Environment
in 7 Years

0 in

+ .01

M

T, I

Max Operating
Volume

80 dB

+ 10

L

T, I

12

13

The max lip thrust force target of 0.5 pounds was originally chosen based on estimating how
much force would be needed to overcome the static friction of the lip interface and from a rough
measurement of the previous apparatus (Figure 23), however, with the total thrust rating
provided by the manufacturer of our chosen fan and motor assembly, we calculated a potential
3.8 pounds of lip thrust when the assembly is run at maximum duty cycle. Recognizing that this
is an extremely high lip thrust expectation since the max total thrust load provided by the chosen
fan is 7.6 pounds, we defined a large tolerance to size our springs for and expect to test this
measurement extensively.
The total weight target of 5 pounds was chosen based on the customer requirement of having an
easily portable apparatus to take to classrooms and to the wind tunnel lab. A tolerance of 5
pounds was defined because 10 pounds is not too heavy to be considered a hassle to carry and
would provide a large enough normal force to keep the entire apparatus from sliding across a
classroom table due to the total thrust. This also meets the safety specification target for the max
overall displacement for the assembly of 0 inches.
The inlet diameter target of 5 inches was chosen based on the limited space (7” x7”) in the wind
tunnel application of the apparatus and the portability concern of having to carry such a large
device. With our chosen fan and motor assembly of an inlet diameter of 3.15 inches, it meets
expectations and falls within the defined tolerance zone. It is also important to note that through
our lip thrust calculations, we found that lip thrust is a constant of the total thrust if lip area and
inlet area are kept constant - so increasing the inlet area would not be necessary if we are able to
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achieve the total thrust necessary to produce a lip thrust force capable of overcoming the static
friction between the lip and inner nacelle interface.
To provide a useful qualitative demonstration in a classroom setting, we defined a goal of having
students being able to see the lip displacement from 10 feet away. From this, we could define a
specification target for the lip displacement to be 0.75 inches.
The mount size target of 5” x 5” with a tolerance of 5 inches in both dimensions was chosen
based on the portability components from the requirements as well as considering the
components sizes of every component in the assembly. We want all our components to fit on top
of the mount so the entire apparatus can be carried easily and efficiently across campus.
The maximum wind tunnel setup time target of 10 minutes and classroom setup time target of 30
seconds was chosen based on how long it currently takes with the existing apparatus. This wind
tunnel setup time also includes the 2 minutes it takes for the wind tunnel to get up to speed. Clear
instructions on how to operate the analog controlled servo tester will be included in the final
deliverable.
The battery life at RPM providing necessary thrust of 20 minutes was chosen based on a
multimeter measurement of the current draw in the existing apparatus, as seen previously in
Figure 11. By dividing the battery current capacity with the measured current draw of 3.5 A (ran
at 2000 RPM), we expected the battery life for the previous apparatus to be around 22 minutes.
We do not expect to achieve this predefined target specification and do not believe it was defined
properly in the first place. For our customer requirement in only needing to provide a
demonstration in the classroom and for wind tunnel testing, 20 minutes of battery life is
unnecessarily long. We believe that choosing a fan and motor assembly that provides enough
thrust is more important, and such, the current draw from our designed apparatus is much greater.
A more realistic target to strive for would be 5 minutes of battery life.
The maximum deformation from the environment in 7 years target of 0 inches was chosen based
on the critical flaws in the existing apparatus. Mentioned and shown earlier in the report,
eventual non-concentricity of the apparatus detriments the actual demonstration of the
phenomenon.
The maximum operating volume target of 80 dB was chosen based on a 72 dB measurement
from the existing apparatus and from the sense of a practical classroom demonstration. If the
final product is too loud, the class will not be able to hear the instructor explaining the
phenomenon and will hinder the learning experience.
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8.2 Description of Tests and How They Validated our Final Design
Test 1: Initial Testing of Motor/Fan Components (failure)
We began initial testing of our motor components on 10/17/19 with setting up the motor to
interface with the speed controller. Unfortunately during this initial step, the motor interacted
with the speed controller in a manner contrary to our expectations, resulting in the fan nearly
flying away before it was caught by Alvin, resulting in the impeller blades contacting the nacelle
of the fan assembly and consequently breaking off all of the impeller blades. This is shown in
Figure 49 below.

Figure 70. Broken Impeller Blades from Initial Testing
As a result of this we were unable to test the function of our lip designs beyond fitment with the
rest of the components in the fan assembly. We began the process of looking into alternatives for
replacing the fan impeller as soon as possible so testing can resume. However, in the meantime
we were able to continue with setting up the interface between the servo tester, ESC, and fan to
ensure that the same thing does not happen again. After removing the broken impeller we were
able to successfully set up the electrical assembly such that it acts in accordance with the
standard procedure we are accustomed to. This is shown in Figure 50 below.

Figure 71. Second Test to Save Motor and ESC Settings
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After discussing the alternatives with our sponsor, we decided to purchase an entirely new fan
rather than ordering a new impeller and balancing the assembly. To see if purchasing a similar
impeller was an option, we took apart the current fan after the unfortunate initial test incident
(Figure 51).

Figure 72. Taking Apart the Current Fan Assembly to Identify a Standard Impeller
Test 2: Testing of Mounting Stands and Qualitative Demonstration of Lip Thrust
To test the ability of our mounting stands to safely constrain the assembly and visualize the lip
thrust effect without any spring resistance, we C-clamped it to a table and turned the fan on to its
highest setting; the test was successful in both aspects and can be seen in Figure 52 below. The
primary results of this testing showed that the apparatus was successful in demonstrating the
effect with and without springs attached. This test validates reaching the specification
requirement of no movement or overall displacement by simply running the apparatus’ final
assembly at max duty cycle. After verifying the efficacy of this with Dr. Westphal, we moved on
to testing out a quantitative data measurement method.
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Figure 73. Testing Mounting Stand
Test 3: Battery Life Testing
To measure the battery life and run time of the final assembly at the RPM that provides the
necessary lip thrust force for .5 inch lip displacement, we safely restrained the assembly down to
a table and timed a max run time. Previously, we calculated a run time of 3.06 minutes shown
earlier with the manufacturer specified max current draw. Refer to Attachment 19 for more
details. However, with a stopwatch, we got a real life measurement of 11.5 minutes by charging
the battery up to full capacity and running the assembly at the specified conditions. This does not
reach our defined specification and is okay because we do not believe it was defined properly in
the first place. For our main customer requirement in only needing to provide a demonstration in
the classroom and for wind tunnel testing, 20 minutes of battery life is unnecessarily long. We
believe that choosing a fan and motor assembly that provides enough thrust is more important,
and such, the current draw from our designed apparatus is much greater. A more realistic target
to strive for would be 5 minutes of battery life, which we easily achieve.
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Figure 74. Battery Life Testing at the RPM that provides the necessary lip thrust force for .5 inch
lip displacement
Test 4: Spring Constant Verification and Measurement
With our theoretical calculations for the lip thrust we expect, we ordered a variety of springs
from a large online distributor. A simple calculation for this was done using Hooke’s Law and
mentioned in the description of our final design. We tested for estimations of the spring constant
and found that the manufacturer specified characteristics were not entirely accurate; this can be
seen in Figure 53 below.
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Figure 75. Spring Constant Verification
Table 11. Spring Constant Testing Results with Chosen Spring Highlighted

Test 5: Quantitative Lip Thrust Measurement Testing (Final Design)
After we received and attached the springs to the inner nacelle and finalized external lip design,
we restrained our fan and motor assembly by clamping it to a table with our stands and slowly
ramped up the speed of the fan to see if the lip would still actuate under the new spring
resistance. We discovered that the lip was not displacing as much as we expected it to when
compared to our theoretical calculations. The lip thrust is much less than our theoretical
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calculations due to aerodynamic friction on the inside surface that was not accounted for in the
theory. Using springs with lower spring constants, we measured the displacement of the lip to be
.7 inches and calculated the lip thrust force to be approximately .327 lbf. Although this does not
meet our defined max lip thrust force of .5 lbf, it achieves a visible lip displacement of .5 inches,
which is much more important for the actual purpose of the demonstrator.
During this test, we also used a decibel measuring application on our mobile phones to record the
maximum operating volume target when the assembly is run at at the RPM needed to
demonstrate the specified lip displacement and compared that with our target specification of
less than 90dB. We measured an operating volume of 85 dB, which meets our target
specification. At this point, we also positioned ourselves 10 feet away from the assembly and
verified that we could indeed see the white indicator strip painted on to ensure that specification
target is met as well. Using our final external lip design for this test, an inlet diameter of 3.15
inches was confirmed with some calipers, which falls within our desired specification of 5 +/- 2
inches. Additionally, the maximum deformation from the environment goal in 7 years was not
tested for physically, but can be ensured with the material choice of PLA used in our final
assembly. With a stopwatch, we also measured the total setup time to be about 20 seconds, which
is shorter than our defined specification of 30 seconds for classroom setup time. Also, the total
weight target of our entire classroom configuration assembly was measured with a weighing
scale to be 2.92 lbf, which meets our total weight specification of 5 lbf.

Figure 76. Final Assembly Lip Thrust Testing
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Figure 77. Results of Lip Thrust Testing

Figure 78. Mass Properties for Final Design Configurations
After this test, we noticed some deformation on the spring flange, so we printed another external
lip with more material surrounding that area.
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Figure 79. Deformation on Spring Flange
Test 6: Wind Tunnel Testing
Wind tunnel testing involved running the apparatus inside the Cal Poly Fluids Lab Wind Tunnel
by securing the apparatus to a mount with our own mounting hardware and running wiring to the
electronics so that we could control the apparatus from outside the wind tunnel. We used this to
verify that our mounting hardware was compatible with the wind tunnel mount and found there
to be minor fitting issues. These were corrected in a later iteration of the mount. After fixing the
mount, we attached power extension wires to our assembly and mounted it to the wind tunnel
stand shown in Figure 56 below. With this testing we were also able to verify that the apparatus
works as expected under the conditions the wind tunnel can create. Increasing the velocity of air
flow through the tunnel resulted in the amount of deflection the lip experienced decreasing and
vice versa. With a stopwatch, we also measured the total time it takes to setup our final assembly
in the wind tunnel to be 15 minutes, successfully being within our defined specifications, and,
with Professor Westphal, we began conducting the tests he deemed most valuable. The pictures
below show the process taken to set up our assembly in the wind tunnel and the various tests we
ran.
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Figure 80. 3D Printed Wind Tunnel Stand Mount Attachment and Fitting
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Figure 81. Wind Tunnel Setup Process

Figure 82. Beginning of Test with Nothing On

Figure 83. Fan/Motor Ramped up to 1900 for Max Lip Displacement (kept at this setting for the
entirety of the test)
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Figure 84. Wind Tunnel Ramped up to 22 mph

Figure 85. Wind Tunnel Ramped up to 44 mph

Figure 86. Wind Tunnel Ramped Down to 22 mph noting that the lip does not seem to reach the
same displacement it had on ramping up to 22 mph due to internal surface static friction
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Figure 87. Wind Tunnel Completely Off
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9 PROJECT MANAGEMENT
This section of the report outlines the schedule we took to bring our project from defining an
initial scope of work to its final design as well as a summary of what purchases were made.

9.1 Process Followed Throughout This Project
Plans for the three quarter long project are depicted in the GANTT chart below (Figure 52). We
first kicked off the project by selecting a project with its corresponding sponsor. The first quarter
was spent defining a problem statement and clear scope of work with our sponsor through
conducting the necessary research and gathering background information. The existing apparatus
was analyzed and used in combination with information from Dr. Westphal to define the
engineering specifications that explicitly define the project goals. The next preliminary design
phase followed the design philosophy to come up with our first conceptual design choice and
chosen design direction of our project. Afterwards, we proceeded with conceptual design
development and final design choices were made along with their corresponding manufacturing
and design verification plans. The planned testing and early prototyping necessary in bringing
our verification prototype to its final configuration for delivery were also outlined in this critical
design phase. Finally, while working closely with our sponsor to make any adjustments and
following our manufacturing plan and design verification plans, we manufactured and tested our
final assembly. The process followed throughout the project worked and our sponsor was very
pleased with our delivered final product.

Figure 88. GANTT Chart for Entire Project

9.2 Reflection
We believe the overall process of the project worked very well. However, on a week by week
basis, it was difficult to meet some scheduled deliverables. For example, for our project
specifically, we would have benefited with a longer prototyping phase in order to communicate
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back and forth with our sponsor when iterating external lip designs. All in all, the process went
relatively smoothly.

9.3 Cost Summary
Table 12 below shows the purchases we made throughout the project. The items highlighted in
gray were either provided or free. The final cost of approximately $350 is well under the budget
of $1,000 and the table also references the bill of materials elaborated in Attachment 17.
Table 13 shows both the raw material cost of our designed total thrust measurement assembly
elaborated in our design section and shows the cost of an alternative pre-made assembly that has
been proven to measure total thrust in other applications.
Table 13. Cost Summary for Final Project

Table 14. Cost Summary for Total Thrust Measurement Design
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10 CONCLUSION
In this document, we have sought to describe what our final design is, what it achieves, how it
works, and why we believe it meets all of the updated specifications defined earlier from our
statement of work and conceptual design process. Additionally, we outline a specific
manufacturing plan and design verification plan in which validated our first design prototype in
meeting all of the necessary criteria. Through our relevant research, understanding of the lip
thrust phenomena, and meetings with Dr. Westphal, we have defined our problem statement as a
portable and more durable apparatus capable of providing qualitative and quantitative data for a
classroom demonstration through the measurement of lip thrust and have Cal Poly wind tunnel
compatibility for the measurement of total thrust. Through working closely with our sponsor, we
were able to develop, evaluate, and select our top concepts for our final design and manufacture
a successful demonstrator.

Achievements
Our final project achieved our primary goal of creating a robust device capable of demonstrating
the lip thrust phenomena qualitatively and quantitatively in a classroom setting or in the wind
tunnel without the safety and fragility concerns of the previous apparatus. Dr. Westphal now has
the capability to run the apparatus at full power in a classroom setting without concern for the
apparatus flying off the table and injuring someone. This ensures that the device will function to
demonstrate the qualitative effect in a classroom setting even if deformation occurs to the lip as
the power capable of being supplied is more than enough to overcome the internal friction of the
assembly. In addition to this, we were able to create a device capable of providing Dr. Westphal
with quantitative data on the lip thrust effect. This data includes inlet velocity of air with the use
of the static ports, an approximation of the lip thrust effect’s force, and a reading of the total
thrust when used in combination with the wind tunnel stand. Unfortunately, we were unable to
provide a stand that could be used to measure the total thrust of the assembly in a classroom
setting as our primary focus was to ensure that the functionalities that we did accomplish
functioned well and the parts were sufficiently durable for prolonged use. We constructed the
primary complex part using 3D printers at the Innovation Sandbox ,which allows for easy
replacement at no cost to Dr. Westphal of the part should it break. The apparatus has sufficient
power and runtime using the batteries that Dr. Westphal already had in his possession. While
these batteries do not allow the fan to perform at its maximum capability, they are entirely
sufficient for what Dr. Westphal requires and allowed us to save money in the process. A
summary of all the specification achievements are shown in the following table.
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Table 15. Final Product Achievements
Specification

Target

Achieved?

Max Lip Thrust Force

.5 lbf (+1.5)

No, .327 lbf

Total Weight

5 lbf (± 5)

Yes, 2.92 lbf

Inlet Diameter

5 in (± 2)

Yes, 3.15 in

Achievable Lip Displacement

.75 in (± .25)

Yes, .7 in

Assembly Size

5 x 5 in (± 5 x 5)

Yes, 10 x 10 in

Max Wind Tunnel Setup
Time

10 min (± 5)

Yes, 15 min

Max Classroom Setup Time

30 sec (± 10)

Yes, 20 sec

Battery Life at RPM
Providing Necessary Thrust

20 min (± 5)

No, 11.5 min

Assembly Overall Movement

0 in (+ .5)

Yes, 0 in

Visibility of Lip
Displacement

10 ft away (- 2)

Yes

Max Deformation from
Environment in 7 Years

0 in (+ .01)

Most likely

Max Operating Volume

80 dB (+ 10)

Yes, 85 dB

Ability to Qualitatively
Demonstrate Lip Thrust
Force

Yes

Yes

Cal Poly Wind Tunnel
Compatibility

Yes

Yes

Ability to Quantitatively
Measure Lip Thrust Force

Yes

Yes, with .125” marks for
measurement
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What We Would Have Done Differently
If we were to do the project again, we would focus more on simplifying the total thrust
measurement system. The QDM for total thrust was the least developed part of our design as we
spent a lot of time redesigning it with different ideas of how to make it work. By the time we
settled on a design direction, we did not have as enough time to develop it into something we
thought would be robust enough for construction. In order to improve this design, we would have
liked to build some small scale prototypes and run through a few more iterations of the design
process communicating closely with our sponsor. We think this would have led to us creating a
design that would better integrate itself with the rest of the designed apparatus.
Considering the budget still available to us, it would have been nice to try a smaller scale version
of the apparatus with a stronger polymer print of the lip. While our lip size was carefully
specified, it would have been interesting to evaluate this option as we think with smaller parts,
better prints would have been more affordable, and therefore provided us with potentially better
performance in areas such as quantitative data measurement of the lip thrust effect through
frictional losses and gaps in the design that lower quality prints accentuate. Additionally, it
would have been more advantageous if we could have used a support material in our prints that
was water soluble rather than needing to be forcibly removed or abraded. This would have
greatly contributed to the overall print quality and reduced manufacturing time spent cleaning up
our prints.
A recommendation when 3D printing is to closely observe the way the original part was
constructed in designing for any interfacing components. We learned this from our first prototype
when we realized that our assumption of the flanges on the inner nacelle being axis-symmetrical
was invalid. Taking more detailed measurements and observing closely would have saved us the
printing time of one prototype. Thankfully, the repercussion of our oversight was not very
detrimental in our overall manufacturing process. Additionally, we also learned that defining and
considering the print orientation is very important in the overall surface finish of the final part;
this was especially important due to the requirements of our 3D printed workpiece. A useful tip
that we implemented in our printing process was to print the assembly with slightly smaller holes
than what they need to be so they could be used as pilot holes for easier post process
manufacturing. Finally, we would also recommend leaning on the side of putting on more
material when you are even slightly worried about the stiffness of a certain feature. This became
apparent in the initial testing of our spring setup, when our spring flanges deformed slightly.

Next Steps
Next steps for the design would be construction or acquisition of a portable total thrust
measuring device, if Dr. Westphal is interested in that for classroom demonstrations. We would
recommend moving forward with a design similar to the one presented should the necessary time
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and manufacturing capability be available. However, another solution that would be much
simpler would be to test the total thrust in the wind tunnel using the mount and tabulate the data
along with corresponding flowrate measured using the static ports. These can both be correlated
to the PWM value displayed on the servo tester so that known conditions can easily be replicated
in a classroom setting.
The outer nacelle of the apparatus could be further improved upon if Dr. Westphal becomes
dissatisfied with its durability and the amount of friction present by printing through a different
supplier with access to better materials. We expect that we would see improvement in the overall
print quality if a better material was chosen. The reason we did not choose to go with a different
material was due to cost and convenience. However, considering the amount of unused budget,
Dr. Westphal could choose to print the apparatus again with better materials, assuming he is
satisfied with the basic form factor and function.
Further testing in the wind tunnel will allow for a correlation to be made between total thrust
force and lip thrust force. Running a test in the wind tunnel with discrete PWM signals from the
servo tester and measuring the resulting total thrust force can be paralleled with the lip thrust
force data measurements at the same discrete PWM signals. Additionally, an RPM reader can
provide the correlation between the PWM signals and the fan’s RPM. All these results may be
used in conjunction with each other to bring about some interesting conclusions and insights, if
the sponsor were interested.
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APPENDIX
Attachment 1: Original Project Proposal by Sponsor

Attachment 2: Summary of Customer Wants/Needs
1. Repair existing lip thrust apparatus (deemed no longer a requirement on 4/19/19)
2. Create a portable apparatus for a classroom demo of visible lip thrust AND total thrust
3. Must be robust, easy to operate, and maintain
4. Battery powered OR 110VAC
5. Full report supported by short handout for classroom use
6. < $1,000
7. Ability to also be tested in the Cal Poly wind tunnel (added on 4/5/19)
8. Ability to also be constrained safely by a stable mount for a classroom demo (added on
4/5/19)
9. Quantitative data measurement of lip thrust and total thrust in the wind tunnel (added on
4/5/19)
10. Quantitative data measurement of lip thrust and total thrust in the classroom (added on
4/21/19)
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Attachment 3: Preliminary and Updated House of Quality (QFD)

/

122

Attachment 4: Functional Decomposition Diagram

Attachment 5: Ideation Sessions
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Attachment 6: Conceptual Models and Preliminary Calculations
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Attachment 7: Friction Reduction Method Exploration
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Attachment 8: Decision Matrices

/

131

/

132

Attachment 9: Preliminary Thrust Testing

Attachment 10: Preliminary Current Draw Testing
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Attachment 11: Preliminary Sample Testing
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Attachment 12: Lip Thrust Derivation and Calculation

Figure 12.1. Dr. Westphal’s Theoretical Calculation of Lip Thrust
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Figure 12.2. Reworking of Theoretical Calculation of Lip Thrust
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Figure 12.3. Simplified Diagram and Governing Equation
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Figure 12.4. Spreadsheet used for calculating lip thrust based on varying parameters.
Figure 12.4 is the spreadsheet that we used in helping calculate our theoretical lip thrust for
varying sizes and powers of ducted fans. This spreadsheet was vital in helping us decide which
fan to choose as well as what springs. We were able to modify a myriad of parameters to see how
they affected the result.
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Attachment 13: Design Hazard Checklist and Risk Assessment
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Attachment 14: GANTT Chart
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Attachment 15: Summary of Ideation Process
●
Qualitative Demonstration in Class
○
Generate inlet flow
■
Controls
■
Power supply
○
Packaging
○
Nacelle Design
■
Outer lip
■
Inner lip
■
Inlet diameter
○
Manufacturing Method
■
3D Printing
■
Machining
■
Casting
○
Friction reduction
■
Air buffer (air hockey)
■
Felt
■
Hard contact surfaces
■
Low friction coating/tape
■
Liquid lubricant
■
Magnets
■
Linear bushing
■
Retained ball bearings
■
Loose ball bearings
●
Wind Tunnel Application
○
Attach to wind tunnel mount
○
Controlled from outside
■
Banana plug extension leads
●
Quantitative Data Measurement
○
Lip thrust measurement
■
Radial spring
■
Axial spring
■
Strain gauge load cell
■
Static pressure taps*
○
Total thrust measurement
■
Carriage and rail
■
Counterweight
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Attachment 16: Balancing Rod Deflection Calculation

The top figure was a spreadsheet calculator to determine how much deflection would be
experienced by the rod used in the total thrust QDM base. The calculation is outlined in the
explanation below. The spreadsheet allowed us the ability to rapidly modify parameters to
evaluate how those parameters affected the result.

/

145

Attachment 17: Bill of Materials
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Attachment 18: Mechanical Drawings
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Attachment 19: Product Literature for Purchased Parts
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Attachment 20: Project Budget
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Attachment 21: Failure Modes & Effects Analysis

Attachment 22: Mass Properties
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Attachment 23: Securing Fan Assembly Calculation
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Attachment 24: Sizing Counterweight for Scale Balance Diagram

P = pivot point
F W = force from balancing weights
F kn = force on knife edge
F T = thrust
F R = weight of rod
LT = distance from P to normal to F T
LW = distance from P to normal to F W
L = LW + LT = total length
Lbase = length of linkage base
Lef f = Lbase + LT = effective length of linkage
The final equation was found via the same moment balancing method and is as follows:
ΣM P = 0 :
F T LT − F W LW − F R LR = 0
FW =

−F R LR + F T LT
LW

Chosen Values
Choose
LT
0.09
LR
0.095
FR
1.26

m
m
N
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Lef f

0.19

m

Lbase

0.1

m

Sample of Spreadsheet Function
LW[m]
FW3* [N] FW3* [kfF]
0
0.003
952.0
97.1
0.006
476.0
48.6
0.009
317.3
32.4
0.012
238.0
24.3
0.015
190.4
19.4
0.018
158.7
16.2
0.021
136.0
13.9
0.024
119.0
12.1
0.027
105.8
10.8
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Attachment 25: Comparison of Dr. Westphal’s Battery and Design Battery
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Attachment 26: Operator’s Manual
1. Classroom Demonstration
a. Screw in fan external lip to mounting stands with its 4mm nuts
b. Connect electrical components as shown

c. Securely clamp mounting stands to stable surface
d. Slowly dial up the PWM on the servo tester
i.
The fan will turn on when the signal is approximately 1040
e. Keep ramping up the PWM until desired lip displacement is achieved
f. Take measurement of lip displacement and calculate lip thrust force using
Hooke’s Law and known spring constant
2. Cal Poly Wind Tunnel Testing
a. Remove any existing setups in the wind tunnel
b. Remove fan and external lip from mounting stands
c. Screw in wind tunnel stand to fan and external lip configuration
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d. Set up wind tunnel stand configuration

e. Thread power extension wires through wire opening

f. Connect ESC and servo tester to power extension wires

g. Slowly dial up the PWM on the servo tester
i.
The fan will turn on when the signal is approximately 1040
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h. Keep ramping up the PWM until desired lip displacement is achieved
i. Ramp up wind tunnel to desired speed and observe behavior

3. Maintenance/Safety
a. Charge battery often and keep in protective pouch
b. Replace broken components by purchasing from locations specified in cost
summary
c. Reprint external lip at InnovationSandbox on Cal Poly Campus with provided
STL file, if damaged
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Attachment 27: List of Test Procedures (detailed in Design Verification 8.2)
Test 1:
Initial Testing of Motor/Fan Components (failure)
Test 2:
Testing of Mounting Stands and Qualitative Demonstration of Lip Thrust
Test 3:
Battery Life Testing
Test 4:
Spring Constant Verification and Measurement
Test 5:
Quantitative Lip Thrust Measurement Testing (Final Design)
Test 6:
Wind Tunnel Testing
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